





UNITED STATES DEPARTMENT OF COMMERCE 


DANIEL C. ROPER, Secretary 


NATIONAL BUREAU OF STANDARDS 
Lyman J. Briggs, Director 


+. 


Journal of Research 


of the 


National Bureau of Standards 


+ 


Volume 19, Number 6 
December 1937 


[Published with approval of the Director of the Budget } 


UNITED STATES 
GOVERNMENT PRINTING OFFICE 
WASHINGTON : 1937 








For sale by the Superintendent of Documents, Washington,D.C. - - - - - Price 25 cents 
$2.50 per year on subscription 











‘The prices of the separate Research Papers appearing in 
this JOURNAL are given on the front cover page. If 100 
or more copies of any separate are ordered, a discount of 25 
percent is allowed. Those who desire copies of separate 
Research Papers should send their orders and remittances 
without delay to the Superintendent of Documents, U. 8. 
Government Printing Office, Washington, D. C. This 
will aid him to determine the number of copies to be 
printed for sale. Research Papers are not printed from 
electrotypes, and usually no more reprints can be had 
when the first and only printing is exhausted. 











U. §. DepPARTMENT OF COMMERCE Nationa Bureau oF STANDARDS 
RESEARCH PAPER RP1050 


Part of Journal of Research of the National Bureau of Standards, Volume 19, 
December 1937 





METHOD AND APPARATUS FOR THE RAPID CONVERSION 
OF DEUTERIUM OXIDE. INTO DEUTERIUM ! 


By John W. Knowlton and Frederick D. Rossini 


ABSTRACT 


A method and apparatus are described in detail for the rapid conversion of 
deuterium oxide into deuterium. A glass bulb at one end of the evacuated 
conversion apparatus contains a sealed ampoule holding the liquid deuterium 
oxide. This ampoule of deuterium oxide is broken by placing liquid air around 
the outer bulb, which is subsequently heated electrically to control the passage 
of the vapors of deuterium oxide into the reaction tube containing powdered 
magnesium at 480° C, where the following reaction occurs: Mg(solid)-+D,0 
(gas) = MgO (solid) + Dy (gas). The rate of evolution of deuterium from the 
l-inch reaction tube can be made as great as 1 mole in 2 hours. The evolved 
deuterium passes through a liquid-air filter-trap and is collected as liquid in a 
50-ml brass bottle immersed in ordinary liquid hydrogen (temperature about 
—253° C). The connection to the conversion apparatus is closed, that to a 
l-liter brass bottle is opened, and the deuterium is permitted to vaporize and 
fill the two brass bottles at room temperature. In this manner 95 percent of the 
deuterium is obtained in the 1-liter bottle as a gas under a pressure of about 23 
atmospheres. 


CONTENTS 


. Description of the apparatus 

. Method of operation 

. Experimental results and conclusions 
. References 


I. INTRODUCTION 


In connection with an investigation of the heat of formation of 
deuterium oxide, it was necessary to devise a method and apparatus 
for rapidly converting 1 mole of deuterium oxide into deuterium, and 
obtain the latter as a gas under pressure in a metal bottle. 

The process selected for the conversion of the deuterium oxide into 
deuterium had to be one which would be relatively rapid as well as 
complete, because of the necessity, as will be explained later, of 
condensing the deuterinm to liquid as fast as it would be formed, by 
cooling with liquid hydrogen. It was estimated that, with the re- 

! The work described in this paper has been submitted by John W. Knowlton to the Graduate School 
of the University of Maryland in partial fulfillment of the requirements for the degree of Master of Science. 
? One gram-mole of pure deuterium oxide was very generously provided for this investigation by Prof. 
H. L. Johnston,.of the Ohio State University. Once obtained as a pure gas, the deuterium could then be 


made to react with oxygen in a reaction vessel in a calorimeter in the determination of the heat of formation 
of deuterium oxide. 
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frigerating facilities available, the 20 g of deuterium oxide would need 
to be completely decomposed in about 4 hours. This latter require. 
ment, as well as the question of the probable presence of undesirable 
side reactions, eliminated the use, for the present investigation, of 
the classical process of electrolysis. The next obvious method which 

































































The complete description is given in the text on pages 608-609 
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suggested itself was the reaction of the deuterium oxide with a metal 
to form the metallic oxide and deuterium. The metal would have 
to be one whose hydride and hydroxide are unstable at the temper 


ture of the reaction. 
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The complete description is given in the text on pages 608-609 
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Zinc dust at 400° C was used successfully by Claussen and Hilde- 
brand [1]* in connection with the preparation of small amounts of 
deuterium, but, in their work, the speed and completeness of the 
conversion were not important. In a preliminary experiment in this 
laboratory, it was found that, with a reaction tube similar to that 
shown at B in figure 1, and with water vapor passing into the reaction 
tube at the rate of about 1 mole in 4 hours, zinc powder at about 
400° C permitted an appreciable amount of water vapor to pass 
undecomposed through the reaction zone. With the present appa- 
ratus, it was impractical to obtain a greater speed of reaction with 
zinc by elevating the temperature because of the proximity to the 
melting point of zinc, 419° C. 

Magnesium appeared to be the most promising metal to try next, 
because of its higher melting point, 650° C, because its hydroxide is 
unstable at these elevated temperatures, and because it can be ob- 
tained in a state of high purity. In a preliminary experiment with 
the reaction tube shown in figure 1, it was found that with water 
vapor passing into the reaction zone at the rate of about 1 mole in 
4 hours, magnesium powder at 475° C reacted quantitatively with 
all the water entering the reaction zone. No water was collected 
in the liquid-air trap, C in figure 1, during the decomposition of 1 
mole of water, which indicates that no water passed undecomposed 
through the reaction tube. 


II. DISCUSSION OF THE REACTION 


The reactions which may occur in the reaction tube at 480° C 
under the conditions of the experiment include the desired reaction 


Mg (solid)+H,O (gas)=MgO (solid)+H, (gas), (1) 


and possible side reactions which might lead to the formation of the 
following substances: Magnesium hydroxide, magnesium hydride 
and magnesium silicide. 

The free-energy data on magnesium hydroxide and magnesium 
oxide recently obtained by Giauque and Archibald [2] indicate 
definitely that the hydroxide is quite unstable at 480° C. With 
regard to magnesium hydride, there is no definite evidence for its 
existence [3], = reasoning by analogy from the high dissociation 
pressures found for sodium and potassium hydrides by Keyes [4], 
it may safely be concluded that such a hydride would decompose 
completely into magnesium and hydrogen at 480° C and at a low 
pressure of hydrogen. Mellor [3] reports the following: molten 
magnesium will attack glass, forming a film of oxide on the metal; 
silicon dioxide is reduced by magnesium when heated, forming silicon, 
magnesium oxide, and some magnesium silicide; boric oxide is also 
reduced by magnesium, forming boron and magnesium boride. It was 
actually observed, in the present experiments, that some magnesium 
silicide was formed at the wall of the Pyrex-glass reaction tube. 
Compounds such as silane are known to be quite unstable at 480° C [3]. 

Consideration of these possible side reactions indicates that they 
neither consume hydrogen nor form gaseous products. From the 
standpoint of the conversion of water into hydrogen, then, it appears 
that the process occurring in the reaction tube, under the conditions 
of these experiments, is a substantially pure one, as represented by 


* The numbers in brackets here and throughout the text refer to the references at the end of the paper. 
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reaction (1), and that, therefore, this process would be satisfactory 
for the analogous reaction 


Mg (solid)+D,0 (gas) =Meg0O (solid)+ Dz (gas). 
III. DESCRIPTION OF THE APPARATUS 


Figure 1 is a schematic diagram of the apparatus, all of which ig 
made of Pyrex glass, with the exception of the metal parts K, L, and 
M. An ampoule of the deuterium oxide is contained in the bulb 4, 
B is the reaction tube, containing a graded charge of magnesium f 
powder. This tube is inclosed in an electrical resistance furnace, | 
which maintains the desired reaction temperature of about 480°C. Ff 
The reaction tube is connected with a liquid-air trap, C, packed with 
a filter of glass wool. A mercury flowmeter, D, provi: with a by- 
passing stopcock, is inserted in the line; E is a mercury manometer; 
and F a safety outlet. A 1-liter storage flask, G, is by-connected with 
the gas line, and is joined to a mercury-displacement gas-transferri 
apparatus, H. Through a second liquid-air trap, J, the gas-trans- 
ferring apparatus is connected with the metal part of the system at 
K, by means of a glass-to-metal tapered joint sealed with Pizein wax. 
Also at K there is a vacuum-tight needle valve connecting the glass- 
to-metal joint with the condensing bulb, LZ, which is immersed in 
liquid hydrogen during the reaction. The condensing bulb is con- 
— with a 1-liter cylindrical brass bomb, M, fitted with a needle 
valve. 
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The sample of deuterium oxide is sealed off in a glass ampoule and 
placed in the bulb, A, in order that the whole system may be evacuated. | 
When it is desired to begin the experiment, the ampoule is broken by : 
rapid freezing in liquid air. Several trial experiments showed that ‘ 
this can be done without danger of breaking the outer bulb. The use 
of a slush composed of solid carbon dioxide, carbon tetrachloride, and : 
chloroform is not completely satisfactory for breaking the water- . 
containing bulb in this manner, because of the slower rate of freezing. . 
In order to vaporize the deuterium oxide and cause it to pass into 
the reaction zone, a small tubular furnace (not shown in fig. 1) is . 
slipped over the bulb A, after the ampoule is broken. : 

A charge of magnesium powder of graded fineness is placed in the . 
reaction tube, B. A preliminary experiment showed that when the 9 
magnesium powder in the lower end of the reaction tube is too fine, the P 
reaction is so complete at the entrance end of the tube that the mag- 
nesium oxide formed offers too much resistance to the flow of water 
vapor through it. The use of a charge consisting of coarse granules b 
of magnesium at the lower (entrance) end of the reaction tube, grading t] 
toa fine powder at the upper (exit) end, was found to work satisfac- or 
torily. ‘Two pounds each of magnesium turnings, labeled ‘10. mesh ti 
and finer”, and “35 to 48 mesh”, were sifted on nos. 12-, 20-, 30-, and st 
42-mesh sieves.‘ Of this material, a negligible amount was retained 
by the 12-mesh sieve; 19 g by the Sanaa 382 g by the 30-mesh; and al 
1,191 g by the 42-mesh sieve. This magnesium was obtained from of 
the American Magnesium Corporation, Cleveland, Ohio, and con- tu 
tained as impurities 0.10 percent of magnesium oxide, 0.03 percent of th 
aluminum plus iron, 0.002 percent of silicon, and no zinc, lead, or Ww 
copper. The reaction tube, which has an internal diameter of 2.4.0m (n 





‘ These sizes of mesh refer to the Tyler Standard Screen Scale and give the meshes per inch. 
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and a length of 55 cm, is filled with 10 g of “20 mesh”, 30 g of ‘30 
mesh’’, 50 g of ‘42 mesh’, and 40 g of ‘<(42 mesh” magnesium 

wder, or 130 ginall. This is 5.3 times the theoretical amount and 
completely fills the tube to its upper constriction. The charge is 
supported by a perforated platinum disk held in place by glass shoul- 
ders sealed on the wall of the reaction tube. A small plug of glass 
cotton is placed over the fine magnesium powder at the top of the 
charge to hold it in — while the reaction proceeds. 

The filter trap, C, cooled with liquid air, is similar to a filtering 
arrangement described by Shepherd [5], and is used to retain any 
possible unreacted water vapor passing through the reaction zone. In 
the a megry experiments with ordinary water, as well as in the 
conversion of the deuterium oxide, no water was condensed in this trap. 

The flowmeter, D, is used as a measure of the speed of the reaction 
in order that the conditions can be adjusted so that the process will be 
complete within the desired time. A calibration of the flowmeter was 
obtained for hydrogen, and this was converted into terms of the rate of 
flow of deuterium by means of the factor 1/1.41, the ratio of the vis- 
cosity of hydrogen to that of deuterium [6]. A by-passing stopcock is 

rovided on the flowmeter to facilitate the evacuation of the system. 

uring the reaction this stopcock is normally closed. 

While the reaction is in progress, the manometer, Z, measures the 
pressure of the system at this point. The outlet, /, is provided as a 
safety measure. 

On completion of the reaction, the residual deuterium in the system 
is pumped into the condensing bulb, L, by means of the gas-trans- 
ferring apparatus, H. The function of the liquid-air trap, J, is to 
remove mercury vapor from the gas passing into the metal part of 
the system. 

The metal connecting tubes, used beyond the point K, are made of 
copper-nickel alloy of low heat conductivity, composed of 80 percent 
of copper and 20 percent of nickel. The condensing bulb, L, of 50-ml 
capacity, is constructed of brass. 

For use in the investigation of the heat of formation of deuterium 
oxide, it is necessary to have the deuterium produced by this method 
confined under pressure, so that the gas can be readily delivered to the 
reaction vessel in the calorimeter. The cylindrical brass bomb, M, 
of 1-liter capacity, fitted with a needle valve, is provided for this 
purpose. 

IV. METHOD OF OPERATION 


The method of operation consists in evacuating the entire system, 
breaking the ampoule of deuterium oxide, passing its vapor through 
the hot magnesium powder, and collecting the effluent deuterium 
gas by liquefying it in the condensing bulb. Subsequent vaporiza- 
tion of the deuterium fills the bomb with the pure gas, where it is 
stored under pressure. 

After the ampoule of deuterium oxide is sealed into the bulb, A, 
and the charge of magnesium is introduced, the filling tube at the top 
of the reaction tube, B, is sealed off, and the side arm of the reaction 
tube is joined to the rest of the system. The whole apparatus is 
then evacuated, and the reaction tube is gradually heated to 500° C, 
while the evacuation is continued, until a pressure of about 10- mm 
(measured on a McLeod gage attached to the mercury diffusion pump 
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and backed by a liquid-air trap) is maintained overnight with the 
system closed off from the pump. The two connections to the 
vacuum line and the by-passing stopcock on the flowmeter, D, facilj. 
tate this pumping operation. 

When the vacuum is found to hold in the system, the apparatus js 
ready for the reaction. The stopcocks leading to the vacuum pump 
and by-passing the flowmeter, D, are closed, and the furnace around 
the reaction tube, B, is heated to about 480° C. Liquid air is placed 
around the traps, C, and J. The condensing bulb, L, after bei 
cooled with liquid air,¥is submerged in liquid hydrogen. The leva 
of the mercury in the gas-transferring apparatus, H, 1s adjusted to q 
point just below the constriction on the reservoir, as shown in figure 1, 
and kept in this position all through the actual conversion. 

When the furnace has reached a temperature of about 480° C, the 
ampoule of deuterium oxide in the bulb, A, is broken by rapid freez. 
ing with liquid air. Since the speed of the reaction is governed by 
the rate at which the vapor of deuterium oxide is delivered to the 
reaction tube, a short tubular furnace is now slipped over the water 
bulb, A, and it is heated until the reaction attains the desired rate, 
as measured on the flowmeter, D. 

When the reaction is once under way, the pressure of the system 
rises to about % atmosphere, the vapor pressure of deuterium at the 
normal boiling point of hydrogen [7]. Readings of the pressure, as 
measured by the manometer, E, are taken at intervals throughout the 
experiment in order to be certain that the deuterium is being liquefied 
as rapidly as it is being formed. At the same time, a record is made 
of the rate of passage of the deuterium through the flowmeter, and of 
the temperatures of the reaction tube and the water bulb, to insure 
the maintenance of the proper conditions for the experiment. 

The completion of the reaction is marked by a rapid falling off to 
megan) zero of the rate of evolution of the deuterium. This may 

e checked by removing the small furnace from the water bulb, A, 
to ascertain whether all the deuterium oxide has been vaporized. The 
furnace is then replaced and heated to well above the boiling point 
of the deuterium oxide in order to drive out any last traces of the 
deuterium oxide. 

The residual deuterium in the system is now pumped into the con- 
densing bulb, L, by displacement of the mercury in the gas-transferring 
apparatus, H, and manipulation of the stopcocks leading to it. The 
valve, K, is closed, the liquid hydrogen is removed from L, and the 
deuterium is vaporized, filling the bomb, M, and the bulb, Z. Then 
the valve on the bomb is closed, and the deuterium remaining in the 
condensing bulb (about 50 ml at a pressure of 23 atmospheres) 1s 
released back into the gas-transferring apparatus, and forced into the 
reservoir flask, G, where it is stored. By means of these operations, 
a& minimum amount of deuterium is lost when the bomb is discon- 
nected. 


V. EXPERIMENTAL RESULTS AND CONCLUSIONS 


In an actual experiment, in which 19.5 g of deuterium oxide was 
converted to the artes, haeery amount of deuterium, the data shown 


in table 1 were obtained. It had been planned to complete the entire 
reaction in about 4 hours, but it was found possible to decrease 
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period considerably. The actual evolution of 1 mole of gaseous deute- 
rium required slightly more than 2 hours, the gas flowing at about 
600 ml per minute at a pressure of about % atmosphere. ‘The rate of 
the conversion was controlled by the rate of input of energy into the 
bulb containing the liquid D,O. From the data given in table 1, it 
appears that the vapor pressure of the deuterium oxide was somewhat 
above 1 atmosphere [8]. The pressure drop through the reaction tube 
(B in fig. 1) was, therefore, a little greater than % atmosphere. It is 
possible that an even greater speed of conversion could be satisfac- 
torily used by operating with a greater pressure in the deuterium-oxide 
side of the reaction tube, obtained by appropriately increasing the 
temperature of the bulb containing the deuterium oxide, 


TaBLE 1.—Ezperimental data from one conversion 








Temper- | Temper- 
4 nate Pressure of 
Ds Dy in system 





ml/min 

tied air placed on D30 bulb. 

D,0 bulb cracked and ice melted. 
Placed around D;0 bulb. 


Pressure appears to be constant. 





Remaved furnace from D30 bulb and noted 
uiet boiling of liquid. 
Effect of foregoing interruption. 


Rate visibly dropping. 


RPEZE SEBEG & EEES ESSERE 


1 
1: 
2 
2: 
2: 
2 
2 
2 
2 
2: 
2 
3 


Valve on condensing bulb closed off. Baro- 
metric pressure 757 mm (corrected). 




















* These temperatures are accurate to about +5°C. 
» These temperatures are accurate to about +3°C. 

The remaining point of interest in connection with this method of 
converting deutertum oxide into deuterium concerns the possible 
introduction of hydrogen atoms to either the deuterium oxide or the 
deuterium in the course of the work. It appears that the deuterium 
oxide available for the present investigation had as an impurity 
hydrogen atoms to the extent of ‘about 0.01 atomic percent. (See 
reference [9] for a detailed discussion of the composition.) Prior 
to the conversion, the 19.5-g sample was subjected to a three- 
fold distillation in vacuum and was sealed in a Pyrex-glass ampoule. 
An analysis of the gaseous deuterium collected in the 1-liter cylindrical 
brass bomb (M, in fig. 1) was made by F. G. Brickwedde and R. B. 
Scott (see reference [9] for details), who measured the vapor pressure 
of the liquefied deuterium against that of normal or natural hydrogen 
in the = state. These data on vapor pressure indicate that the 
gaseous deuterium produced had as impurity hydrogen atoms to the 
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extent of 0.73 percent of the total number of hydrogen and deuterium 
atoms (corresponding to the actual presence of 1.45 percent of HD), 
referred to the sample of deuterium measured by Brickwedde, Scott, 
and Taylor [7], as being 100.00 percent. 

It is apparent that this additional impurity of about 0.7 percent of 
hydrogen atoms was introduced in the conversion experiment either 
by exchange with the glass and metal walls, or from the magnesium 
powder. Some exchange may have also occurred during the pre. 
liminary distillation of thedeuteriumoxide. Thehydrogen atoms intro. 
duced by exchange with the glass and metal walls would not be 
expected to be a large fraction of impurity, because of the large 
amount (1 mole) of gas converted. In any subsequent experiment 
with this method of conversion, the impurity of hydrogen atoms intro- 
duced in this way can be largely reduced by first “flushing” all the 
glass and metal surfaces and the magnesium powder with a small 
amount of deuterium gas, produced at the beginning of the conver. 
sion, and then discharging this impure gas from the system before 
beginning the formal collection of the deuterium. 


The authors are greatly indebted to Prof. H. L. Johnston, Depart- 
ment of Chemistry, Ohio State University, for placing 19.5 g of pure 
deuterium oxide at their disposal; to Martin Shepherd, of this Bureau, 
for his advice during the course of the present investigation, and for 
the loan of the metal vessels used for condensing and storing the 
deuterium; to J. W. Cook, of this Bureau, for manipulating the liquid 
hydrogen during the experiment; to F. G. Brickwedde and R. B. 
Scott, of this Bureau, for analyzing the deuterium produced; and to 
Prof. M. M. Haring, Department of Chemistry, University of Mary- 
land, for his kind interest in the problem. 
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DIMENSIONAL CHANGES IN AERIAL PHOTOGRAPHIC 
FILMS AND PAPERS 


By Raymond Davis and Emory J. Stovall, Jr. 





ABSTRACT 


Results of a study of dimensional changes in aeromapping photographic film 
and papers under controlled conditions are presented. Both films and papers 
are subject to a shrinkage from processing. These materials are hygroscopic, 
consequently their dimensions change with the varying moisture content of the 
air. imensional changes from both processing and moisture content are least 
in the machine direction, that is, along the roll. Films continue to shrink with 
time, because of a loss of solvents and plasticizer. This shrinkage is illustrated 
by accelerated-aging tests at 120° F covering a period of 32 days. Two new 
instruments developed for measuring film shrinkage are described. A reduction 
of differential shrinkage in the final print or duplicate negative can be had by 
crossing the machine directions of the negative and printing material during 
exposure. 
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I. INTRODUCTION 


Photographic films and papers are not stable with respect to their 
dimensional characteristics. It is well known that these materials 
not only change their dimensions with a change in moisture content, 
which tends to follow similar changes in the atmosphere, but are sub- 
ject to shrinkage caused by the process of developing, fixing, and 
washing. For aeromapping the dimensional change is not serious if 
uniform in all directions and its magnitude known, as a change of 
seale is all that would be needed for correction. The actual case is 
complicated by the fact that both papers and films shrink more in 
one direction than in the other. Both paper and celluloid are manu- 
factured by a continuous process, the product being in the form of a 
long ribbon. The greatest shrinkage is always in the crosswise 
direction. 

While these facts have been known for a long time, only meager 
and incomplete data on the magnitude of the effects of moisture and 
processing under controlled conditions have been available. During 
the last few years, aerial surveying has been undertaken on a large 
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scale, and the need for information on the dimensional changes jp 
films and papers has become acute. For work in which high accy. 
racy is desired, considerable difficulty has been encountered in ob. 
taining film and paper with satisfactory shrinkage characteristics, 
The better aerial cameras are fitted with lenses selected for minimum 
distortion. The magnitude of the distortion for these lenses is of the 
order of 0.04 mm at the edge of a 22.9- by 22.9-cm (9 in. by 9 in.) 
plate. This value amounts to 0.035 percent. In films distortion jg 
measured by the difference in shrinkage, expressed as a percentage, 
in the two directions and is called ‘differential shrinkage.’’ Tha 
differential shrinkage in films should not exceed the distortion of the 
lenses, that is, 0.035 percent. 


II. MATERIALS 


The American Society of Photogrammetry, through its President, 
Col. H. H. Blee, secured the film and paper samples from photo- 
graphic manufacturers, governmental agencies, and privately oper- 
ated aerosurveying services. The film and paper samples tested 
are representative of those in current use for aeromapping with the 
exception of two samples of cut film, one of which was experimental, 
From two to eight samples of each brand of film were tested, each 
sample being from a different lot of the same trade name. The 
different samples of the same brand are grouped together in the tables, 
From these groups an idea of the uniformity of the product can be 
had. In all, 24 separate lots of film were tested and, with the excep- 
tion of two samples, all were on nitrate base. 

Most of the papers submitted were regular photographic papers—in 
all, there were 57 items of which only 8 were marked “special low 
shrink” or ‘‘ aeromapping papers.” 


III. APPARATUS AND METHODS FOR MEASURING 
SHRINKAGE 


Apparatus suitable for measuring film shrinkage may be of two 
general types—optical or mechanical. The optical devices generally 
used consist of either a micrometer microscope actuated by a cali- 
brated screw, such as used for measuring line-spectrum negatives, or 
the comparator type of instrument with which a length standard is 
me gy by two micrometer microscopes with reference marks on 
the film. 

The use of devices employing microscopes is both slow and laborious, 
each an important factor in a large number of measurements. Rapid 
and convenient means of measuring film shrinkage not being avail- 
able, two different instruments were designed and constructed for this 
work, one a rapid and accurate mechanical gage or extensometer for 
measuring films, and the other an optical extensometer suitable for 
both paper and films. 

The use of this mechanical extensometer, referred to throughout 
this report as “pin gage’’, does not necessitate the use of a darkroom 
as no developed image is used in the measurements. 

The procedure with the pin gage is as follows: Strips 2 inches wide 
and 10 inches long are cut from the film for lengthwise samples. 
Cresswise samples are cut to the same width but to a length 9% inches, 
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which is the full width of the 24-cm aerofilm. The difference in length 
serves to distinguish the lengthwise samples from the crosswise sam- 
ples. However, each individual test strip is also given an identifying 
number. After the samples are cut, which may be done in a lighted 
room, they are numbered and hung up by wooden photoclips in the 
conditioning room for the prescribed time. Two pairs of holes ¥ inch 
in diameter and 8 inches apart are then punched in the film (see fig. 1). 
The holes may be 5 inches apart for use with a 5-inch gage in the case 
of narrow film. 

The punched film is measured on the pin gage and the readings 
recorded. The samples are then developed, fixed, washed and dried, 
and returned to the conditioning room. After reconditioning for the 
prescribed time, they are again measured with the pin gage. The 
difference between the pin-gage readings before and after developing 
the film gives the dimensional change due to processing. 

The 8-inch pin gage, removed from its case, is illustrated in figure 
9. Aand B are steel pins % inch in diameter and have rounded ends. 
Pin A is fixed to the heavy-steel face plate C at a distance of 7% inches 
from pin B, the outside measure being 8 inches. Pin B passes through 
a slot in the face plate and is fastened to a suspension bridge D 
immediately below. The bridge supporting this movable pin B is 
suspended from the underside of the face plate by two spring-steel 
flexure plates HZ, 0.005 inch thick, one at each end, which permit the 
bridge supporting the movable pin to move toward and away from 
the fixed pin a total distance of approximately 0.1 inch. A dial gage 
F fastened to the underside of the face plate is connected to the sus- 
pension bridge at the point @ by a metal rod H. The face plate and 
bridge are made of steel, and the rod H is of duralumin of such a 
length that it compensates for any changes of temperature. For 
the work reported here, temperature compensation was unnecessary ; 
but the correction was so simple to make that this feature was incor- 
porated in the design. A coil spring (not shown in fig. 2) fastened to 
the face plate and suspension bridge maintains tension of about 75 
grams on the sample placed over the pins. The holes in the film 
were made with a punch (fig. 3) designed for the purpose. The lever 
bar and punch pins were from a commercial paper punch. The punch 
was machined to specified dimensions, and hardened-steel dies made 
to fit were imbedded in the steel base plate. This punch makes clean 
holes for either the 5-inch or 8-inch gage lengths. A metal plate 
(not shown) may be used to keep the film flat during the punching 
operation. Since the film is measured after punching and before 
processing, high accuracy in the spacing of the holes is unnecessary. 
However, if care is taken excellent reproducibility can be obtained. 

Ordinarily, 30 test strips were cut from each roll of aerofilm tested, 
15 cut crosswise and 15 lengthwise. One group of strips, five in each 
direction, was left unprocessed in the conditioning room as a control. 
The processed samples were first conditioned as mentioned, developed 
for 3 minutes in trays of metol-hydroquinone developer, rinsed in a 
dilute acetic acid short-stop bath, fixed 12 to 15 minutes in an acid 
fixing bath, washed 30 to 60 minutes in running water, and hung up 
to vm in the uncontrolled atmosphere of the laboratory. The dried 
samples were returned to the conditioning room, conditioned for the 
prescribed time, and remeasured along with the control strips to deter- 
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mine the shrinkage due to processing. A third group of film strips 
eut, punched, processed, and measured, as explained above, were put 
in a paper envelope (to prevent excessive curling) and placed in ap 
oven maintained at 120° F (49° C), usually for 7 days, then taken 
back into the conditioning room to be reconditioned and measured, 
Excellent results on film were obtained with the pin gage, but with 
photographic papers this procedure was not satisfactory. Paper is 
not sufficiently flexible nor does it have the mechanical strength or 
wear resistance to give good reproducibility. Using the mechanical 
principles of the pin gage, an optical extensometer was designed for 
measuring paper shrinkage. This instrument is shown in hese 4, 
The box contains a mechanism similar to the pin gage, but the two 
pins are replaced by two 32-mm Micro-Tessar objectives, one movable 
and the other fixed. These lenses are in fixed focus on the upper 
surface of the plate-glass top of the instrument. The glass is painted 
black on the underside except for two rectangular patches immediately 
above the objectives. By means of prisms the beams from the lenses 
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Fiaure 5.—Pattern observed in Ficure 6.—Pattern observed in 
the eyepiece of the optical the eyepiece of the optical 
gage. gage. 


A is imaged by the fixed objective, B by A is imaged by the fixed objective, B by 
the movable objective. the movable objective. 


are brought to a focus on a Lummer-Brodhun photometric cube, 
which brings the separate images into juxtaposition. A brass tube 
fitted with a lens and hard-rubber cap with a small hole constitutes 
the eyepiece of the instrument; this is focused on the photometric 
cube. On the end of the box to the right a micrometer is fitted to 
move the lens and measure its displacement. On the other end of the 
box is a dial gage, which also indicates the position of the lens. Either 
micrometer or dial gage may be read; however, while slightly less 
accurate than the micrometer, the dial gage is preferable because of 
ease of reading. The gage length (distance between lenses) of this 
instrument is 6 inches. The following illustrates the operation of the 
instrument: if a print on paper or film having a pair of parallel lines 
spaced 6 inches apart is placed face down on the glass top of the in- 
strument so that the lines are in the field of view of the lenses one 
would see in the eyepiece a pattern as shown in figure 5. In figure 4 
line A is produced by the fixed lens and line B is from the movable 
lens. If the micrometer screw is turned in the proper direction line B 
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Pin gage. with strip of film in place for measurement. 














Figure 2.—Pin gage removed from its case. 


D—Suspension bridge. G@—Anchor block for H. 
E—Filexure plate. /7—Duralumin rod for tem; 
F—Dial gage. ature compensation 
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Figure 4.—Ortical gage. 





~~ ei. eR hUCUheelUCO 


—"TD 




















Dosit | Film and Paper Shrinkage 617 
will be moved into coincidence with line A, as shown in figure 6. The 
magnification is 10 diameters. The obvious advantage of this instru- 
ment, in which both fields are seen in a single eyepiece, over the usual 
comparators is that a single setting is sufficient. Comparators ordi- 
narily require separate settings on two reference lines. Matching ends 
of lines, as in the present instrument, is more accurate than centering 
a line between two parallel hairs or centering on cross hairs in two 
observing microscopes for a single measurement. 

To determine the shrinkage of photographic paper or film with this 
optical gage, the sample, after conditioning in the dark, is exposed in 
the conditioning room under a negative of a Max Levy ruled-glass 
grid consisting of fine lines spaced % inch, as shown in figure 7. After 
developing, fixing, and washing and drying, the sample is reconditioned 
for a prescribed interval of time and then measured. In the measuring 
operation, the first step is to measure a similar reference print of this 

id made on a photographic plate, in six different positions, three 
fiigthwite and three crosswise. With the fixed dimensions of the 









































Figure 7.—Section of a photograph of the ruled-glass grid, full size, to show character 
of ruling. 


plate as standard the separations of six pairs of points on the sample are 
compared with those of the same pairs of points on the grid. After 
measurement of the paper or the film has been completed the standard 
plate is again measured to check the zero of the instrument. 


IV. REPRODUCIBILITY OF THE MEASUREMENTS 


Careful handling of the film is necessary to obtain accurate readings 
with the pin gage and to avoid damage te the film. The manner of 
placing the film on the pins and removing it is important. The strip 
with the emulsion side up should be grasped at the ends between 
fingers and thumbs, held under tension, and slipped over both pins 
simultaneously. The strip is then pushed into contact with the top 
plate of the gage, the thumbnails pressing lightly on the outside of 
the pins. The instrument is then tapped lightly with the finger or 
a pencil so as to eliminate friction or sticking in the dial gage. The 
dial gage, graduated to thousandths of an inch, is read to ten thou- 
sandths of an inch. The strip is removed from the instrument by 
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asping the ends as before and holding it under tension while lifting 
it off the two 7 simultaneously. ‘These operations consume only 
about 10 seconds. 

The strips are kept hanging up several feet away from the observer 
except during the actual operations of measurement, so that the effect 
of moisture oe the observer’s breath and body on their dimensions 
will be small. The zero of the pin gage should be checked each 
time a series of measurements is made by noting the readings on 
the dial gage when the movable pin is displaced to its imposed limits, 
In the present study, these readings never vary by more than 0.0002 
inch, so no zero-correction was ever found necessary. 

To test the reproducibility of measurements nt on the pin gage, 
10 strips of film, 5 cut crosswise and 5 lengthwise, were conditioned, 
two pairs of holes punched in each, and measured. They were then 
kept in the conditioning room (unprocessed) and remeasured seven 
times during a period of 8 days. The deviation of the change in 
spacing from the initial measurement from the average change be- 
tween 10 pairs of holes measured at the same time was recorded. 
There were 70 such determinations in each direction. The root 
mean square probable error of a single measurement was derived 
as 0.00018 iad in the crosswise and 0.00016 inch in the lengthwise 
direction. Based on a distance of 8 inches between holes, these errors 
are 0.0022 and 0.0020 percent, respectively—but little if any greater 
than the error to be expected in estimating ten-thousandths of an 
inch on a scale graduated to thousandths of an inch. 

The optical gage was used to measure the dimensional change of 
both photographic papers and films. Each sample was measured 
between six pairs of intersections, three crosswise and three length- 


wise, the series of six measurements on a single sample requiring 2 or 

3 minutes. The samples were kept hanging up several feet to one 

side of the observer, except when being measured. As previously 

mentioned, both before and after a group of samples was measured 

on the optical E e, the zero of the instrument was checked by meas- 
t 


uring a print of the same grid on a glass positive (reference standard). 
From the deviations of the individual pairs of measurements on the 
reference standard, the probable error of a single measurement on 
the instrument was computed. Based on 20 sets of measurements 
of the plate, 240 individual measurements, the probable error here 
was 0.00009 inch, or 0.0015 percent of the 6-inch gage length. As 
with the pin gage, this error is not greater than the error to be ex- 
pected in estimating ten-thousandths on a scale graduated to thou- 
sandths of an inch. 

The probable errors of both instruments are about 0.002 percent. 
The dimensions of the films are not nearly so reproducible when the 
surrounding conditions are changed. A group of 10 strips of film 
were hung on a line for 24 hours in the conditioning room, measured, 
and rehung. A 40-watt lamp was placed at a distance varying from 
1 to 3 feet from the film samples and kept burning for several hours. 
The lamp was removed, and after a period of 24 hours the films were 
again measured. The probable fluctuations of the measurements 
were then 0.004 percent crosswise and 0.008 percent lengthwise in 
8 inches, from 2 to 4 times the probable error of the gages. The prob- 
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able fluctuation of the measured dimensional change of a strip of film, 
due to accelerated aging (120° F for 7 days), was computed for sev- 
eral groups of strips of film and was found to be about 0.02 to 0.04 
ercent. This is about 10 to 20 times the error of the instruments. 

The measurements used in computing the probable errors of the 
gages were made by an experienced observer, who has made several 
thousand measurements on each of the two instruments, and hence 
has acquired a technique for handling the strips rapidly and pre- 
cisely. Precautions were taken to eliminate as much as possible the 
effect of heat from the lamp and of moisture from the observer’s body 
and breath on the samples of film. If these precautions are not taken 
the fluctuations will, of course, be larger. 


Vv. FILM SHRINKAGE AS A FUNCTION OF CONDITIONING 
TIME. 


It is well known that photographic film changes in dimension with 
change in moisture content, and that the amount of moisture in the 
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FicurE 8.—Graph showing percentage of shrinkage as a function of conditioning 
time for special aerofilm. 





film tends to follow a change in the atmosphere. However, no infor- 
mation on the time required for film to reac equilibrium was available. 

The rate of approach to dimensional equilibrium with humidity 
was investigated for three different films: A regular, a topographic, 
and a special low-skrinkage film. These films were in rolls 9% inches 
wide and 25 feet long. Test strips of these were conditioned at 65 
percent relative humidity and processed. When each strip was 
thoroughly dry it was put in @ paper envelope and kept in an oven 
at 120° F for 24 hours, and then put in an open can and returned to the 
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oven for an additional 24 hours. At the end of this period the can 
was covered, sealed with tape, and transferred to the condition 
room, where the can was opened and the film strips measured imme. 
diately and the time noted. While the moisture in the film was 
coming to equilibrium with the air in the conditioning room, a series 
of measurements were made, extending over a period of 16 days, 
From these measurements was computed the dimensional] change of 
the films, based on their original measurement before processing. 

The results for the topographic film, shown in figure 8, were plotted 
on a linear scale as a percentage dimensional change against time up 
to about 7 hours. These curves, rising steeply for 1 or 2 hours and 
then leveling off, seem to indicate that equilibrium is approximately 
reached within a few hours. However, this is not strictly true. The 
results from all three films, shown in figures 9, 10, and 11, were plotted 
as percentage dimensional change against the logarithm of the con- 
ditioning time, up to 16 days. These curves show that dimensional 
equilibrium was not reached even after 2 weeks of conditioning, and 
that about 100 days would be required to establish equilibrium. It 
may be pointed out that this change is due to lack of moisture equi- 
librium, and not to loss of solvent from the film base. Such loss of 
solvent results in a shrinkage of the film, while in this case the film 
is expanding. 

These experiments show that conditioning time is an important 
factor and that a definite time should be stated in any specification 
which may be prepared for aerofilm shrinkage tests. Obviously, 
moisture equilibrium with the surrounding air cannot be specified; 
however, 24 or 48 hours of conditioning should be satisfactory for 


testing purposes. 


VI. FILM SHRINKAGE AS A FUNCTION OF ACCELERATED. 
AGING TIME 


The effect of accelerated aging at 120° F for from 1 to 32 days on 
the dimensions of aerofilm was studied. For this experiment a regu- 
lar and a topographic film were chosen. Six samples 8 by 9% inches 
were cut and conditioned in a light-tight cabinet with forced ventila- 
tion for 48 hours at 72° F and 65-percent relative humidity. These 
were then exposed in contact with the grid negative, developed in a 
metol-hydroquinone developer at 21° é for 2 minutes, rinsed in a 
dilute acetic acid short-stop bath, fixed for 12 minutes in an acid fixing 
bath, washed 30 minutes in running water, and then dried overnight 
in the laboratory. After reconditioning for 48 hours at 72° F and 
65-percent relative humidity, the samples were measured on the 
optical gage. After measuring each film it was put in a paper enve- 
lope and placed in an oven maintained at 120° F (49° C). One sample 
from each roll was removed after 1, 2, 4, 9, 16, and 32 days, respec- 
tively. The samples were then reconditioned at 72° F and 65-percent 
relative humidity for 48 hours and again measured on the optical gage. 

The shrinkage of the films due to accelerated aging was computed 
from the difference in the dimensions of the film after processing and 
after oven treatment. The results in figure 12 were aes with per- 
centage shrinkage as ordinates and the logarithm of the time in the 
oven in days as abscissas. It will be noted that the points lie approxi- 
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mately on a straight line. The shrinkage is seen to be greater in the 
crosswise direction, and the rate of shrinkage is greater in the cross- 
wise direction, for both films. The shrinkage of the regular film is 
much greater than that of the topographic film and also its rate of 
shrinkage is slightly greater. bn 

The position of the lines through the points in figure 12 was ob- 
tained by least squares. The same data, plotted on a linear time 
scale, are shown in figure 13. The solid lines in this figure are trans- 
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Ficure 12.—Linear relationship between percentage of shrinkage and the logarithm 
of the time in days of accelerated aging for regular- and topographic-base films. 





formed from the straight lines in figure 12. The dashed portions of 
the curves are estimates of the behavior of the films in the oven for 
less than 1 day, and, of course, this may not be exact. 


VII. SHRINKAGE OF AEROFILMS AS A FUNCTION OF 
RELATIVE HUMIDITY 


In connection with a separate project, the conditioning room 
ordinarily maintained at 50-percent relative humidity was to be 
operated at a series of relative humidities. The program called for 
periods of approximately a week’s duration at 32, 43, 65, 76, 86, 65, 
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and 50-percent relative humidity, the temperature to be kept cop. 
stant at 72° C. 

Advantage was taken of this schedule to determine the film shrink. 
age under these conditions. Seventeen samples of aerofilms repre. 
senting six different brands of films werestudied. Someofthesesample 
had already been used for other purposes and consequently had been cut, 
conditioned, and measured some time previously. In each case, ong 
group of test strips was left in the conditioning room unprocessed and 
another group either Recoeased only, or processed and given an accel. 
erated aging at 120° F, then left in the conditioning room until the 
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Figure 13.—Curves of figure 12 plotted on a linear scale of accelerated-aging time in 
days to show that a large shrinkage occurs during the first day of aging. 


start of the cycle of relative humidities. The history of these films 
prior to the tests was as follows: 

Samples C and Q.—Conditioned at 65-percent relative humidity; 
unprocessed films were conditioned for 53 days; films oven-treated for 
7 days were reconditioned for 42 days; films oven-treated for 14 days 
were reconditioned for 35 days. 

Sample F.—Conditioned at 50-percent relative humidity; unproe- 
essed films were conditioned for 22 days; and films oven-treated for 
7 days were reconditioned for 11 days. 

Sample G.—Conditioned at 50-percent relative humidity; unproc- 
essed films were conditioned for 19 days; and films oven-treated for 
7 days were reconditioned for 9 days. 

Sample I.—Conditioned at 50-percent relative humidity; unproc- 
essed films were conditioned for 11 days; and films oven-treated for7 
days were reconditioned for 2 days. 
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Sample J.—Unprocessed films were conditioned for 8 days at 50- 
rcent relative humidity; and films oven-treated for 7 days were 

started in the cycle of humidities at 32 percent immediately after 

removing from oven. | : 

Sample O.—Conditioned at 50-percent relative humidity; unproc- 
essed films were conditioned for 24 days; films oven-treated for 7 days 
were reconditioned for 15 days. 

Samples A, B, C, H, K, N, P, Q, R, S, T, and U—Conditioned at 
50-percent relative humidity; unprocessed films were conditioned for 
3 days; and processed films were reconditioned for 2 days. 

After receiving the treatments indicated, all films were conditioned 
at the following relative humidities before being measured: 

3 days at 32 percent, 4 days at 43 percent, 7 days at 50 percent, 
10 days at 65 percent, 7 days at 76 percent, 5 days at 86 percent, 
7 days at 65 percent, and 7 days at 50 percent. Immediately before 
the conditions in the room were changed to a new humidity, the film 
samples were placed in sealed cans, where they remained until the 
new humidity condition had been established. 

The dimensional changes of the films were computed and tabulated 
as change from the original measurements made on the films at 50- or 
65-percent relative humidities. The results are given in table 1. 
Each value in the table is the average of 10 measurements on the film. 
The results on six of these films were plotted in figures 14 to 19 as 
percentage dimensional change against relative humidity. Unproc- 
essed films are shown by full lines; films only processed, by dashed 
lines; and film processed and oven-treated, by dotted lines. 


TaBLE 1.—Dimensional change of films in percentages as a function of relative 
humidity 





RELATIVE HUMIDITY 





Treatment and direc- 
tion of measurement | | 
| 32% | 43% 50% 65% 





| 76% | 86% | 65% 





REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE A 























Unprocessed: 
aeewiee. ......... —0. 144 —0. 089 —0. 049 +0. 059 +0. 091 +0. 155 +0. 015 —0. 110 
Lengthwise.------"| —.132] —.081 | —.040| +.085| +4.127| +.180| +.050| —.o71 
Processed: j 
Crosswise...........}| —.212 ‘ies 159 —. 116 +. 015 +. 070 +. 141 —. 029 —. 163 
Lengthwise —. 186 —. 133 —. 085 +. 045 +. 104 +. 167 +.014 —. 103 
REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE B 
Unprocessed: | | 
Crosswise.........- |} —0. 166 —0. 111 —0. 063 +0. 053 +0. 082 +0. 146 —0. 001 —0. 133 
Lengthwise.........| —.149 —. 099 —. 046 +. 069 +. 107 +. 160 +.023 | —.104 
Processed: | 
Crosswise_........_- —. 245 —. 198 —. 144 —.009 +. 049 +. 114 —. 062 —. 204 
Lengthwise_....____ —. 199 —. 152 —. 106 +. 023 +. 070 +. 131 —. 032 —. 168 
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TABLE 1.—Dimensional change of films in percentages as a function of relating 
humidity—Continued 


(Vol. iy 












Treatment and direc- 
tion of measurement 








RELATIVE HUMIDITY 











32% 





43% 





50% 65% 76% 86% 















REGULAR FILM BAS 


E—Ss. PANCHROMATIC—SAMPLE 
























Unprocessed: 
Crosswise...........- 
Lengthwise........- 

Oven-treated 7 days: 
Crosswise..........- 
Lengthwise_........ 

Oven-treated 14 days: 
Crosswise..........-. 
Lengthwise_.......- 












—0. 139 
—. 137 


—. 214 
- 206 


. 285 
. 276 
. 409 
—. 382 


—. 426 
—. 382 








—0. 090 
—. 086 


—. 165 
—. 152 


—. 872 


. 383 
—. 346 








—0.062 | +0. 048 +0. 119 








+0. 
—. 055 +.077 +.11 +. 158 
—.125 +. 013 +. 063 +. 112 
-. 111 +. 041 +. 004 +. 138 





—. 184 —. 058 —.018 +. 040 
—. 168 —. 056 —. 016 +. 041 
—. 321 —. 193 —. 119 —.073 
—. 301 —. 181 —. 115 —.070 
—. 335 —. 208 —. 133 —. 088 
—. 297 —.176 -. 117 —.073 
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REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE F 
Unprocessed: 
Crosswise........... —0.168 | —0.114] —0.074} +0.031} +0.061} +0.109] —0.015| —0.15 
Lengthwise_.._._... —.144] —.002} —.058| +.056} +.005| +.144] +.023] —.11%5 
Oven-treated 7 days: 
Crosswise..........- —. 260 —. 216 —. 184 —.071 —. 025 +. 035 —. 098 —.% 
Lengthwise_.......- —. 217 —.174 —. 187 —. 041 —. 002 +. 062 —. 062 —. 187 
REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE @ 
Unprocessed: 
I ccnienttiicenel —0. 224 —0.195 | —0.130| 40.024; +0.052;) +0.135| -—0.046) 0.27 
Lengthwise........- —. 216 —, 189 —. 122 +. 011 +. 056 +. 146 —.027 =~, 21 
Oven-treated 7 days: 
rosswise........... —.377 —. 342 —. 285 —.151 —. 078 +. 023 —. 156 ~, 38 
Lengthwise_.......- —. 336 —. 305 —. 251 —. 130 —. 066 +. 039 —.136| —.27 
REGULAR FILM BASE—S8s. PANCHROMATIC—SAMPLE H 
Unprocessed: 
rosswise........... —0 154} 0.115 | —0.055 | +0.044/ +0.082 | +0.136 | +0.005| —0.10 
Lengthwise......... —. 143 —. 103 —. 040 +. 087 +. 140 +. 190 +.070 | —.067 
Crosswise.........-- —. 216 —.174 —.112 +. 007 +. 065 +. 132 —.039 | —.18 
Lengthwise......... —. 199 —. 160 —. 083 +. 048 +. 114 +.174 +.011 —. 130 
REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE I 
Unprocessed: 
rosswise.......... —0.141 | —0.103 | —0.088 | +0.063 | +0.121 | +0.211 | +0.077| 0,0 
Lengthwise......... —.121 —. 086 —. 023 +. 085 +. 139 +, 221 +.091 | ~.08 
Oven-treated 7 days: 
rosswise.-.......-. —. 192 —. 155 —. 089 +. 012 +. 078 +. 183 +.025| —.106 
Tea * —. 154 ~—.118 —. 068 +. 031 +. 080 +. 176 +.028 | —. 0% 
REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE J 
Unprocessed: 
Tosswise.......... —0.145 | —0.106| —0.053 | 40.058} +0.115| +0.178 | +0.068| —0.08 
Lengthwise.........) —.124 —. 080 —. 030 +. 092 +. 143 +. 201 +.004 | —.0% 
Oven-treated 7 days: 
Crosswise.........- —.202| =—.158| —.100} +.012| +.076| +.153| +.020| 1B 
Lengthwise......... —.154} —.108) =—.060} +.035/) +.082| +.150]} +.030| —(8 
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TaBLE 1.—Dimensional change of films in percentages as a function of relative 




































































humidity—Continued 
RELATIVE HUMIDITY 
tment and direc- 
Tre of measurement 
32% 43% 50% 65% 76% 86% 65% 50% 
REGULAR FILM BASE—Ss. PANCHROMATIC—SAMPLE ~‘ 
‘ocessed: 
aw oe —0.190 | —0.137 | —0.087 | +0.038 | +0. +0.193 | —0.003 | —0.064 
Lengthwise-.-...--- —. 144 —. 108 —. 059 +. 043 +. 082 +. 148 +. 004 —. 123 
d: 
Crosswise....------ —.261} —.207) —.151 | +.006] +.081 | +.180} —.055} —.241 
Lengthwise.......-- —.191 —. 156 —. 101 +. 019 +. 061 +. 127 —. 039 —.174 
REGULAR FILM BASE—INFRARED SENSITIVE—SAMPLE N 
Jnprocessed: 
yp > RES 8 —0.154 | —0.115| 0.060} +0.040] +0.008| +0.136| —0.004| —0. 149 
Lengthwise..------- —.143} —.102] —.059] +.038] +.100] +.136] -—.003| —.137 
ocessed: 
"eis woke near eae: —. 206 —. 168 —.110 —. 004 +. 072 +. 119 —. 038 —, 182 
Lengthwise........- —.191 —, 147 —. 094 +.017 +. 07 +. 119 —. 033 —. 166 
TOPOGRAPHIC FILM BASE—Ss. PANCHROMATIC—SAMPLE O 
Unprocessed: 
rosswise.-.......- —0.179 | —0.120| —0.080 | +0.040| +0.001 | +0.134 | +0.025| —0.103 
Lengthwise......-.- —, 169 —. 113 —. 073 +. 043 +. 093 +. 138 +. 028 - 
Oven-treated 7 days: 
Crosswise.......... —. 231 —. 187 —. 147 —. 027 +. 034 +. 099 —.030 —. 164 
Lengthwise......--- —, 221 —. 180 —.142 —. 042 +. 016 +. 073 —. 045 —.173 
TOPOGRAPHIC FILM BASE—Ss. PANCHROMATIC—SAMPLE P 
Unprocessed: 
rosswise.......2.. —0. 155 —0. 094 —0. 051 +0.060 | +0.005 | +0.176| +0.054 —0. 067 
Lengthwise......... —.151 —. 095 —. 048 +. 086 +. 130 +. 201 +. —. 048 
Processed: 
9 ee —, 215 —. 151 —. 102 +. 025 +. 085 +. 170 +. 011 —. 121 
Lengthwise._....... —. 207 —. 152 —. 088 +. 050 +. 109 +. 183 . 032 —. 098 
TOPOGRAPHIC FILM BASE—Ss. PANCHROMATIC—SAMPLE Q 
Unprocessed: 
rosswise.......... —0. 136 —0. 096 —0. 057 +0.063 | +0.106 | +0.191 +0. 055 —0. 053 
 ~ ‘aamaeamnaae —. 134 —. 083 —. 053 +. 077 +. 119 +. 192 +. 064 —. 040 
‘ocessed ; 
Crosswise.......... —. 104 —.146 —.100 +. 045 +. 108 +. 178 +. 023 —. 095 
Lengthwise......... —. 205 —. 149 —. 097 +. 046 +. 103 +. 164 +. 017 —. 101 
Unprocessed: 
rosswise.......... —. 225 —. 182 —. 124 —. 004 +. 049 +. 144 +. 007 —.111 
a —, 221 —.174 —.118 —. O11 +. 033 +. 122 —. 007 —. 126 
Oven-treated 7 days: 
rosswise.......... —. 290 —. 252 —. 194 —. 047 +. 004 +. 065 —. 045 —. 188 
hwise......... —. 295 —. 260 —. 205 —.079 —. 030 +. 022 —.081 —. 216 
Oven-treated 14 days: 
Crogswise.......... —. 293 —. 261 —. 197 —. 055 +. 005 +. 070 —. 053 —. 190 
Lengthwise......... —. 206 —. 261 —. 211 —. 082 —. 031 +.017 —. 091 —, 211 
TOPOGRAPHIC FILM BASE—Ss. PANCHROMATIC—SAMPLE R 
Unpraceased: 
rosswise.......... —0.151 | —0.108 | —0.044} +0.080 | +0.1356 | +0.210} +0.089 | —0.048 
Lengthwise Ree —.140} —.086) ~—.045| +.071| +.122] +.190] +.062} —.054 
Crosswise.......... —.23}]  —,167| —.003| +4.040| +.120] +.194| +.032| —.107 
Lengthwise._....... —.200} '—.146} —.088) +.045.) +.104]) +.169} +.020) —.100 
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TaBLE 1.—Dimensional change of films in percentages as a function of relating 
humidity—Continued 














Treatment and direc- 
tion of measurement 


RELATIVE HUMIDITY 





mm | 40% | 50% 





65% 76% 86% 65% 50% 





TOPOGRAPHIC FILM BASE—FINE-GRAIN PANCHROMATIC—SAMPLE § 


ee 





Un rocessed: 


Crosswise--.-........ 


—0.138 | —0.094 

--| =. 185 —. 090 
—. 193 —. 142 

--| —. 100 —. 140 





—0.048 | +0.068 | +0.115| +0.214| +0. 087 —0. 045 
—. 049 +. 058 +. 108 +. 189 +. 062 —. 054 
—. 082 +. 040 +. 106 +. 202 +. 044 —. 098 
—. 089 +. 035 +. 088 +. 174 +. 018 —. 108 





LOW-SHRINKAGE FILM—S8s. PANCHRO 





MATIC—SAMPLE 


































































Ae —0.148 | —0.008 | —0.075| 40.042} +0.005| +0. 159 
Lengthwise_..___--- —.144| —.00] —.071] +.051| 4.108] +.151/ +.013) —i5 
Crosswise-........- —.219} —.170] —.134] +.012| +.084] +.130] -.036) 397 
Lengthwise.....---- —.228| —.177} —.140] +.018| +.084] +.123] —1036|] — in 

LOW-SHRINKAGE FILM—8s. PANCHROMATIC—SAMPLE U 
Unprocessed: 
rosswise.........- —0.150} —0.007| —0.065 | +0.055]} +0.003| +0.145] +0005] —o1% 
Lengthwise_..--_._- —.166} —.100| —.077| +.068| +.106} +.158] +.027| —om 
Crosswise.......... —.2%} —.174| —.185| 4.011] +.074] +.116] 046] —199 
Lengthwise......... —. 238 —. 182 —.134 +. 024 +. 081 +. 127 —. 026 165 
T T T T T T 
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Fiaure 14.—Percentages of shrink 





sensitive film (sample N, 


% RELATIVE HUMIDITY 


vs. relative humidity for a regular base infrared 
table 1). 
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It was expected that the film should show a hysteresis effect when 
the humidity was varied—that is, the dimensional changes of the film 
should lag behind the oo in relative humidity. Ordinarily, a 
curve showing the relation etween cause and effect in a material 
which exhibits hysteresis is an S curve or a lenticular-shaped curve. 
The curves of figures 14 to 19, as a whole, do not properly fit this 
description. It should be remembered that this series of measure- 
ments at different relative humidities was made over a long period of 
time (about 9 weeks), and that the films were losing some solvent, 
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Fieure 15.—Percentages of shrinkage vs. relative humidity for a regular-base aero- 
film (sample C, table 1). 


consequently shrinking somewhat all the time. The rate of shrinkage 
due to this cause is probably not the same at different humidities, 
and therefore, it would be difficult to make a correction for it. This 
shrinkage is suggested in that the descending portions of most of the 
curves shown lie below the ascending portions, instead of above them 
as in the case of hysteresis curves of paper. With this in mind, it can 
be seen that certain of the curves, sample N, figure 14, the oven- 
— _ strips of sample C, figure 15, and sample 0, figure 17, are 

“shaped. 
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At 76-percent relative humidity and above, most of the curves seem 
erratic. In these cases, the observed expansion is too high, probab] 
owing to the gelatin which takes on water more readily than the | 
luloid and being in contact with the celluloid may have the effect of 
accelerating the hydration. Hydration and dehydration of the gelatin 
coating are accompanied by larger expansion and contraction than 
the celluloid base. This effect is illustrated in figure 20, which shows 
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Figure 16.—Percentages of shrinkage vs. relative humidity for a regular-base aero 
film (sample G, table 1). 





four bottles, each containing two strips of film, one cut lengthwise and 
the other cut crosswise from the roll. The bottles are closed and each 
contains a solution to maintain a fixed relative humidity. The rela- 
tive humidities are, from left to right, 11, 37, 77, and 88 percent. The 
emulsion sides of the films are to the right. It will be noticed that the 
film cut lengthwise tends to uncurl as the humidity increases. The 
sample cut crosswise actually bends backward in the 88-percent rela- 
tive humidity bottle (fig. 20). At about 65- to 70-percent relative 
humidity films do not curl. 
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VIII. FILM SHRINKAGE DUE TO PROCESSING AND 
ACCELERATED AGING 


The effect of processing and of accelerated aging on the dimensions 
of aerofilm was investigated. Accelerated aging consists in keeping 
the film in an oven at 120° F (49° C) for 7 days. Two sets of condi- 
tions were imposed: One in which the films were conditioned at 50- 
percent relative humidity and 72° F, and the other in which they 
were conditioned at 65-percent relative humidity and 72° F. 
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FicurE 17.—Percentages of shrinkage vs. relative humidity for topographic-base aero- 
film (sample O, table 1). 


For the determinations at 50-percent relative humidity samples 
were taken from 21 different rolls of film, each having a different emul- 
sion number, and representing six different types. ‘Test strips were 
conditioned at 50-percent relative humidity and 72° F for 1 or 2 days, 
measured, processed, reconditioned for 2 days, and remeasured. Then 
one group of film strips was kept in an oven at 120° F (49° C) for 7 
days, reconditioned at 50-percent relative humidity and 72° F (49° C) 
for 1 to 2 days, and remeasured to determine the shrinkage due to oven 
treatment (accelerated aging). 
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For the shrinkage determinations at 65-percent relative humidity 
8 by 9%-inch samples were taken from the same 21 rolls of films, and 
also 1 sample each from three 8- by 10-inch cut films. Sample X jg 
chloride emulsion on a cellulose acetate base loaded with some materia] 
to make it white and fairly opaque. Its shrinkage is about the samp 
as that of low-shrink base. ‘Two separate determinations were made, 
The samples were conditioned at 65-percent relative humidity and 
72° F in a light-tight cabinet with forced ventilation for 64 and 4g 
hours, respectively, then exposed in contact with a negative of a Max 
Levy ruled-glass grid with nes % inch apart. They were developed 
2% minutes in a metol-hydroquinone developer, rinsed in dilute acetic 












| q ; 1 = | 2S 


—— UNPROCESSED 
0.20 + --- PROCESSED ONLY 

~-- PROCESSED & AGED 7 DAYS AT 120°F 
---: PROCESSED & AGED I4 DAYS AT 120°F 
C - CROSSWISE 
L - LENGTHWISE 





% DIMENSIONAL CHANGE 








i l i l | | J 
30 40 50 60 70 80 90 
% RELATIVE HUMIDITY 


Ficure 18.—Percentages of shrinkage vs. relative humidity for a topographic-bas 
aerofilm (sample Q, table 1). 





acid short-stop bath, fixed 12 minutes, washed ¥ to 1 hour in running 
water, and dried in the laboratory. Then they were hung up and con 
ditioned for 21 and 44 hours, respectively, at 65-percent relative humid- 
ity and 72° F, and measured on the optical gage to obtain the dimen- 
sional change caused by processing. After being measured they were 
placed in the oven for 7 days at 120° F (49° C) followed by 2 days 
reconditioning at 65-percent relative humidity and 72° C, and again 
measured to obtain the dimensional change due to accelerated aging. 

The shrinkage of films based upon measurements at 50-percent 
relative humidity (table 2) is much greater than the shrinkage based 
on measurements at 65 percent (table 3). For instance, at 65-percent 
relative humidity, all the samples of aerofilm would pass Air Corps 
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Specification 31004B with respect to shrinkage, whereas at 50 percent, 
eight samples would not have a this specification. This shows 
the need of specifying the conditions under which shrinkage is to be 
measured, if the specifications are to have a definite meaning. 

The shrinkage of the aerofilm on special low-shrink base is just as 
large as that of the topographic aerofilm, both in amount of shrinkage 
and differential shrinkage. The amount of shrinkage is perhaps a little 
greater for the special low-shrink base. 
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Figure 19.—Percentages of shrinkage vs. relative humidity for a topographic-base 
aerofilm (sample R, table 1). 


IX. SHRINKAGE OF PHOTOGRAPHIC PAPERS CAUSED BY 
PROCESSING 





The effect of processing on the dimensions of photographic printing 
papers was investigated for 32 different samples of contact printing 
papers and 25 different samples of projection papers. These were in 
sheets measuring 8 by 10 inches. The paper samples were conditioned 
in a light-tight conditioning cabinet with forced ventilation, for 24 
hours at 65-percent relative humidity and 72° F. They were then 
exposed in contact with the grid. They were processed as follows: 
Contact papers developed 45 sec, projection papers 1.5 minutes, 
nnsed in acetic acid short-stop bath, fixed about 12 minutes, washed in 


running water for an hour, surface water blotted off, dried on cheese- 
cloth covered drying racks in uncontrolled atmosphere and returned 
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to the conditioning room. After reconditioning for several days gt 
65-percent relative humidity and 72° F the papers were measured op 
the optical gage. The distance between lines 6 inches apart was 
measured at the center, and also about 1 inch from each edge, in both 
directions, crosswise and lengthwise. 








TABLE 2.—Percentage of shrinkage of aeromapping film 





[Conditioned at 50-percent relative humidity. Temperature 72° F.] 











Shrinkage due to processing ate ee ea 















Sample 




















































Length- 4 Length- 
Crosswise wise Difference | Crosswise wise Difference 
ULAR FILM BASE—Ss. PANCHROMATIC 
% % % % % % 

PS Pe ee een, 0. 07 0. 05 0. 02 0.14 0. 09 0.05 
Ee AEE SRE ll .07 04 a 15 ) 
(FE REEDS, BERLE FR. - 08 . 06 02 - 20 14 6 
ORS OF WRN. “o . 08 .03 05 . 34 27 tt 
| SE RRSIARSE SE eT - 01 +. 03 04 -42 27 B 
AD RES ERNEST AI .05 . 03 02 .16 ll Ss 
ie, LON alee eases . 04 . 02 02 m4 r 
Pinal anuikicchinmngdneniiiaiats 09 07 02 -16 10 .% 
Tr icc aleiieaalcaaniass labidgastigui son bentonite 01 00 01 -07 05 02 
| RS ORE . 03 - 00 03 -10 06 .H 
SE RE, eS ae ae -10 -07 03 22 18 Oo 
tt tele .00 . 01 01 .18 16 ‘v 
pt STR SEALE Ge: SESS env BE ee bi ee 36°T .. ndMeade, 








REGULAR FILM BASE—INFRARED SENSITIVE 





Tisndipetisccvatiannnndnntisteinen 0. 07 0. 06 0. 01 0. 15 0. 13 0.02 





TOPOGRAPHIC FILM BASE—Ss. PANCHROMATIC 








O... Sik csiniaviinapibbiennicamedl 0. 03 0. 03 0. 00 0. 13 0.13 0.00 
} Ae SEE RSS SE . 08 07 -O1 14 - 09 05 
EE LEN LEI . 06 - 06 . 00 ll - 09 2 
a cnbght.cucckvendiniitiaens. . 08 - 07 . 01 -10 -10 0 





TOPOGRAPHIC FILM BASE—FINE GRAIN PANCHROMATIC 





ice baliiciniaidgpaienrbrniiipncnie tne 0. 06 0. 07 0. 01 0.10 0. 10 0.0 





LOW-SHRINKAGE BASE—Ss. PANCHROMATIO 





Fett cnasonneicameumnemunsindsrted 0. 07 0. 08 0. 01 0. 18 0.14 0.4 
07 . 08 - 01 -18 ‘ . 
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Ficure -).—Differences in expansion and contraction of gelatin and celluloid, 
respectively, with differences in relative humidity. 

Gelatin : f films is to the right. Each bottle contains two samples of film, one cut lengthwise and one 

cut cros e. From left to right the relative-humidity condition in the bottles is 11, 37, 77, and 88 percent, 


respect The sample cut lengthwise uncurls with increasing moisture. 
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TABLE 3.—Percentage of shrinkage of aeromapping film 
[Conditioned at 65-percent relative humidity. Temperature 72° F.] 
: Shrinkage due to processing and 
Shrinkage due to processing oven treatment at 120° F. 
Sample 
Crosswise ae all Difference | Crosswise — Difference 
REGULAR FILM BASE—Ss. PANCHROMATIC 
% % % % % % 

I ROIS 28 0.03 0. 04 0.02 0.14 0.14 0. 00 
teers 2 Fact 03 02 01 .13 ‘ll 02 
AAR PEP 02 .02 00 14 .13 01 
IRA ee ae x cn 05 08 02 .20 .18 02 
acai marae A Es 05 02 . 08 .18 .17 -O1 
ll PSB ABBS BP 02 03 :01 .10 .12 102 
Rag! Sines Pe oeet 02 01 -01 .19 .18 01 
RRR Stes ee . 03 . 00 . 03 .12 . 08 04 
a ice cdldinahilli asl -02 .00 .02 .06 .08 .02 
Te eee or 00 01 -01 . 06 .07 -01 
| AE ARMIES 52 +.01 01 14 112 02 
L_..-------------------------- _ . 02 _ - .10 am 
MM. ..---2--------------- sere -_ . 02 _ - .19 a 

REGULAR FILM BASE—INFRARED SENSITIVE 
| Se Sea = SNE 0. 02 0. 02 0. 00 0.11 0.11 0. 00 

TOPOGRAPHIC FILM BASE—Ss. PANCHROMATIC 
IER Fs suPepremicene! N, iee 0. 00 0. 02 0. 02 0. 08 0. 09 0. 01 
Tin iitintiintinn tcstetionpenmsiinlninand 01 - 01 - 00 . 08 . 09 . 01 
INRIA LS 2587 . 00 .01 01 05 08 03 
Riv cccccnccuscnattscmubeasuuns . 01 -01 . 00 . 06 . 08 . 02 

TOPOGRAPHIC FILM BASE—FINE GRAIN PANCHROMATIC 
_ SR EES Tes +0. 01 0. 01 0. 02 0. 05 0. 07 0. 02 
LOW-SHRINKAGE BASE—Ss. PANCHROMATIO 

__ Soe eed tear Sere 0. 00 0. 02 0. 02 0.10 0.11 0.01 
Wik pars ickinon snd oiaihiaete samen .O1 .02 01 -10 one . 01 

NITRATE CUT FILM—ORTHOCHROMATIC PRESS 
SEER, i STE 0.13 0.11 0. 02 0. 51 0. 45 0. 06 

SAFETY CUT FILM—ORTHOCHROMATIC PRESS 
Wikkcncantap de vcard 0.01 0. 00 0.01 0.11 0.11 0. 00 

EXPERIMENTAL SAFETY CUT FILM 

(EEE RS AY MR IAS WH a 0.01 0.01 0. 00 0.11 0.10 0.01 
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The results of the measurements given in tables 4 and 5 were com. 
puted and tabulated as percentage dimensional changes of the pa 
caused by processing, along the machine direction, across the mackie 
direction, and the difference between the changes in the two directions, 


TABLE 4.—Percentage of shrinkage of contact papers 


[Conditioned at 65 percent relative humidity. Temperature 70° F.] 
























































Shrinkage 
Brand Type of paper 

Crosswise | Lengthwise| Differencs 

SINGLE-WEIGHT REGULAR PAPERS—GLOSSY SURFACE 
RN ee i Ue cieciiabineiints 0. 23 0.15 0.08 
Is iestasois inet eaten nase RR cntitinddmenvukenn tain naunckatasen . 32 21 ll 
PR irdrcnckncusidububsceccvenndn stokes 22 .16 6 
EE SS nee tn A eee eee a! Cae 42 02 # 
iixictciubeepberssowel SSE) EEE SLE IEE SB Le . 53 01 a) 
BSE EID Ht RIES EP sk . 53 - 04 wT) 
SE idpinnstnanknjbtbeenanchdbalekbe . 23 09 M 
| ER: EES EPS LPT 19 By 02 
Cc ch nbusnienidinenetapicennee texte 24 15 09 
os caaeanies aEitais EER PS Ae Eee eee oe 27 25 0 
aS eas 2 m 2 
SSRIS ERR Rae: . 26 . 2 6 
EERE SSS a ROO aoe on . 39 3 16 
D Ddikchanmmannodvicanmaneanietadhanaane . 38 . 26 2 
ee ee DINED 5. inn db actinnabioantaideketinkened -41 . 29 2 
NORE Ee ED cree sirens - 38 25 B 
og a TE SNES GOR ceneinttbennescdbuiedhatasnnadantns 22 21 01 

SINGLE-WEIGHT REGULAR PAPERS—MATTE SURFACE 
A {Entre OD is atch pstinstpacteddadushussus 0. 29 0. 27 0.02 
Sebi ied hatte ane soph a, Ea PM pemet tes eerie) .21 .16 05 

DOUBLE-WEIGHT REGULAR PAPERS—GLOSSY SURFACE 
A fo a 2a RN EL LOE ES ODES TE. 0. 28 0.12 0.16 
fais a a Beara 8h i SEN he capper aah ARO po apeatpre Beene ty -27 10 WW 
0.0 
D 
3B 
16 
3B 
6 
B 
10 

SPECIAL AEROMAPPING PAPERS 

| RR, Cetera ee, SRDS Sy os eases, Cree 0.02 0.01 0.01 
A a eceee eo 44 .29 Ab 
Y....------------------ (postie cic s cans canpneaicesacoenies .13 .12 0 

















* Unknown. 
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TaBLeE 5.—Percentage of shrinkage of enlarging papers 


[Conditioned at 65-percent relative humidity. Temperature 70° F.] 





















































Shrinkage 
Brand Type of paper, contrast and surface 

Crosswise | Lengthwise Difference 

Ne eh: eee ae 

SINGLE-WEIGHT REGULAR PAPERS 
Oo. cwcseeteiaae GN ee a a 0. 27 0.17 0. 10 
TE ee: Medium semimatte.-.-..............-..--.- 41 x .14 
Medium semimatte............-.....--... . 36 24 12 
ee  ekeeee TED Bi ou On mespicgl cnn gtne pane . 29 15 .14 
Medium extra hard--...........-........- 54 31 .B 
Mb SA en ee WN Wh cee casas eo adted aban tec catonted . 30 . 28 . 02 
DOUBLE-WEIGHT REGULAR PAPERS 
lo 2 NELRO BAER! ee Mee ee IS 0. 41 0. 21 0. 20 
H...---------------*-2" RE TRE IPE BL SRE 4 24 . 03 
; a ero TOOR iki iiss ca ctecnwavhetaebabet<aaddedke 2 09 14 
DC  iniuieninin Siducedindtowiawetcoue -45 Pe a) 
SOE EE TIE Se a . 39 -17 22 
P APSO RR . 39 ll . 2 
UO TOONS 5k ri ois cabs Jgcad 43 .16 27 
I I i oe acne dina cen aoe 41 15 . 26 
fom pe SS Le | ee . 48 .13 . 35 
K....---------+----0-00 I ACES lh NG a eS . 43 .12 31 
jbl a RNIB Re astra, ST I lasers ieiato alba Ratna diea nanlponae 35 . 08 27 
STE CEES AA Ta 34 . 33 01 
ig, RAB ae We eee SOE MMCNR cc coe 44 13 31 
White rough matte.............-..-...---- 60 .14 46 
SPECIAL AEROMAPPING PAPERS 
Ee REESE FOR: Sem, Ee 0. 43 0. 29 0. 14 
elas s cennowksthtininieal SR I ro so nsnesccweankourseenl . 03 .02 . 01 
y {Fines | Ee ence ~ 44 . 25 .19 
raat sae EER AB UCOES F FALETe ye EN .18 - 16 . 02 
METAL LAMINATED PAPER 
_ Re es Remini. ........c bret. es aes 0. 004 +0. 001 0. 005 
* Unknown. 


The following papers were found to have very small shrinkage: 
Brand Z, a bromide paper, is a laminated material composed of a 
sheet of hard aluminum foil cemented between paper. Its shrinkage 
from processing was less than 0.01 percent. One sample was dried 
in the oven at 120° F for 24 hours and remeasured. It shrank only 
0.03 and 0.01 percent, respectively, in two directions at right angles. 
Brand X is a waterproof paper, made with both contact and enlarging 
emulsions. The shrinkage of the contact and enlarging papers from 
processing was 0.02 and 0.03 percent along and 0.01 and 0.02 percent 
across the sheet, respectively. Their shrinkage caused by 24 hours 
in the oven at 120° F was 0.02 and 0.03 percent along and 0.07 and 
0.06 percent across the sheet, respectively. 

25415—37_3 


636 Journal of Research of the National Bureau of Standards [vay 


The rest of the papers were found to have a maximum shrink 
ranging from about 0.20 to 0.50 percent, four papers having more 
than 0.50 percent. The differential shrinkage of the papers (i. e., the 
difference in shrinkage in two directions) ranged from 0.01 to 0.35 
percent. Four samples had a differential shrinkage of 0.45 to 0.59 
percent. Nine samples had a differential shrinkage of 0.03 percent 
or less (exclusive of the three papers mentioned above with low maxi- 
mum shrinkage). 


X. SUMMARY AND RECOMMENDATIONS 


This investigation shows that, under controlled conditions, film 
shrinkage caused by processing is quite small. Even with 7 days of 
accelerated aging, the differential shrinkage is, with one exception, 
under 0.10 percent. A comparison of the data in tables 2 and 3 
shows that the shrinkage is noticeably smaller at 65-percent relative 
humidity conditioning; in fact, the films which had the highest differ. 
ential shrinkage at 50 percent show small shrinkage at 65 percent, 
This indicates that the best results from an accuracy standpoint could 
be had if all of the work with films is done in a room conditioned at 
65-percent relative humidity and 72° F. A humidity much above 
65 percent could not be recommended, because at higher humidities 
the dimensional behavior of films is erratic. 

With photographic papers the results are not so satisfactory. The f 
differential shrinkage is generally above 0.10 percent, but occasionally 
very low values were obtained without apparent reason, while in 
other papers of the same brand having different contrast number, 
the shrinkage was much higher. Another inconsistency is that double- 
weight papers, as a class, have larger differential shrinkage than single. 
weight papers. Two of the special aeromapping papers gave very low 
shrinkage and low differential shrinkage. One of these consists of two 
pieces of waterproofed paper laminated with a sheet of hard aluminun- 
alloy foil; the other is a cellulose lacquered paper. 

The hygroscopic nature of film and paper makes it necessary to 
adopt, as standard, a fixed condition of temperature and moisture 
content of the air to which such materials may be subjected at the 
time of testing. In use, these materials are generally handled under 
uncontrolled conditions. The shrinkage values given in this paper 
therefore will not be realized in practice. 

Undoubtedly, differential shrinkage in paper can be greatly reduced. 
Since handmade paper does not have this effect it would seem that 
paper manufacturers might, after some study, find methods for laying 
the pulp on the wire so as to prevent lining up the fibers with the 
machine direction and for reducing the tension to a minimum on the 
machine. This is an old problem, the cause is known, and the cure 
should not be too difficult for modern engineers. 

We recommend that the machine direction of cut-to-size film and 
paper be identified by the manufacturer, either on the package or by 
printing on the back in the case of paper. If this is done, the total 
differential shrinkage of the combined negative and print or enlarge- 
ment can be kept at a minimum by having the machine direction of 
negative and positive material at right angles to each other. 































Desit | Film and Paper Shrinkage 637 


For example: 





ge r : . Machine directi t 
re Machine direction parallel eo 
~ shrinkage (%) i wee) 
5) & Cross- Length- Cross- Length- 
mnt F wise wise Diff. wise wise Diff. 
e Sitlive....n<n<e0-->< 0.42 O27 O15 O4 0.27 015 
oO ree . an o.oo . = 
0. 65 0. 36 0. 29 0. 51 0. 50 0. 01 
' Under the recommended conditions the combined differential shrink- 
Im — age of the positive and negative material would always be less than 
of | the value for the material having the greatest differential shrinkage. 
n, It would appear that only nitrate film is used in aerosurveying. 
8 [| Nitrate film is known to be unstable chemically, decomposing spon- 
ve taneously with time, so that negatives made on this type of base 
er- — cannot be classed as permanent. In addition, a large quantity of 
nt, nitrate film concentrated in one place constitutes a serious fire hazard 
id — with the consequent danger to such official records and personnel as 
at may be in the immediate vicinity. The better grades of cellulose 
ve | acetate base are much more stable chemically than the nitrate base, 
ies being in a class with high grade paper with respect to fire hazard and 
permanence. Acetate film is not used in surveying because it is 
he — believed to have inferior shrinkage characteristics. e are unable 
lly — to find any reliable data on this point and would recommend that a 
in | study, similar to that given in this report, be made on acetate film. 
rs, | Considering the lack of permanence and the hazard in storing nitrate 
le- film, together with the good behavior of two samples of acetate cut 
le- film given in table 3 (last two films), it seems that further attention 
ow | to this kind of film is warranted. 


Wasuineton, October 19, 1937. 
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GULOHEPTONIC ACIDS AND a-d-a-GULOHEPTOSE ! 
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ABSTRACT 


The barium and lead salts of the guloheptonic acids have been made and used 
for the preparation of the corresponding free acids. The gamma lactone of 
d-a-guloheptonic acid was prepared and reduced with sodium amalgam to give 
d-a-guloheptose, which crystallized in the alpha modification. This new sugar is 
structurally related to a-l-talose and exhibits similar properties. Its mutarota- 
tion is complex, consisting in a fast change followed or accompanied by a smaller 
slow change. ‘The proportions of the constituents involved in the rapid reaction 
vary with temperature so that a change in temperature results in a rapid muta- 
rotation. The temperature coefficient for the rapid mutarotation corresponds 
with those for the rapid reactions which cause the deviations in the mutarota- 
tions of galactose, arabinose, talose, ribose, and d-§-glucoheptose, while the tem- 
perature coefficient for the slow change agrees with those for the mutarotations 
of glucose, mannose, gulose, and other reactions which consist in the interconver- 
sion of the alpha and beta pyranoses. The parallelism between the properties of 
talose and d-a-guloheptose is evidence that the configurations of the first five 
carbon atoms determine in large measure the composition of equilibrium solutions 
of these sugars. 
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I. MUTAROTATION AND PROPERTIES OF a-d-a-GULO- 
HEPTOSE 


In the course of an investigation [1, 2, 3]? of the alpha and beta 
sugars, a large number of the heptoses have been examined [4] in 
order to bring out the similarity of structurally related sugars. It 
has been emphasized that each pentose, ketose, heptose, or other 
sugar can be considered as structurally related to one of the funda- 
mental types represented by the eight hexoses, glucose, mannose, 
galactose, talose, gulose, idose, allose, and altrose. Glucose, man- 
nose, and galactose have been investigated extensively, but very 





1 Read at the meeting of the American Chemical Society, Rochester, N. Y., September 1937. 
? The numbers in brackets here and elsewhere in the text correspond to the numbered literature references 
at the end of this paper. 
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little is known about substances containing the talose, gulose, idoge 
allose, and altrose structures. 

Recently [5] the reactions and properties of a-d-talose (I) and 
6-d-talose (IT) have been studied in the Bureau’s laboratory and found 
to correspond in large measure with those of /-ribose (III). It is of 
further interest to extend the study to the structurally related hep. 
toses. The heptoses structurally related to a-d-talose are a-d-f-map. 
noheptose (IV) and wod-be-quildbegecde (V). These substances are 
obtained by means of the cyanhydrin synthesis from d-mannose and 
l-zulose, respectively. Crystalline d-8-mannoheptose was prepared 
by Ettel [6], while crystalline /-a-guloheptose is not known at present, 
The author has prepared crystalline sd cabaholianhan (VI), which is 
enantiomorphic with a-l-a-guloheptose and hence has like properties 
except as to the sign of the rotation and as to reactions involving 
asymmetric substances. 

The new sugar crystallizes in slender needle-like prisms which 
melt at 127° C and give [aj7=—45.7. When dissolved in water 
the sugar exhibits the complex mutarotation given in table 1. This 
mutarotation can be represented by the following equations: 


[ale = —5.2 K 10-9! — 23.6 X 10- * — 16.9 (1) 
[a]3* = — 5.9 K 10-9 — 16.3 K 10-18" — 20.2 (2) 


in which ¢ is the time measured in minutes after the sugar is dissolved 
in water. The complex mutarotation shows that the equilibrium is 
established between certain modifications more rapidly than between 
the others, and that the solution contains at least three modifications 
of the sugar in dynamic equilibrium. Inspection of the data and 
equations representing the mutarotation at 20° C reveals that the 
rapid reaction, m:, is responsible for a change of 23.6°, whereas the 
slow reaction, m,, is responsible for a change of 5.2°. In other words, 
the rapid reaction predominates. This is in marked contrast to the 
mutarotation of glucose, which consists almost exclusively in the 
slow reaction. On the other hand, the mutarotation of levulose | 
appears to consist almost exclusively in the rapid reaction,’ and that 
of talose like that of a-d-a-guloheptose consists in the two reactions, 
with the fast reaction predominating. 


3 The temperature coefficients, effect of catalysts, and other evidence indicate that the normal mutaro- 
tation of levulose is like the rapid initial mutarotation reaction found for many aldoses and differs from the > 
normal a-8 pyranose mutarotation. The mutarotations of levulose and related substances are being — 
studied in the Bureau’s laboratory from this viewpoint. é 








a-d-a-Guloheptose 


TABLE 1.—Mutarotation of a-d-a-guloheptose in water } 





0.9957 g in 25 ml at 20.1°C in a 4-dm tube 
°S = —2.38 X 10--0179¢— 10.87 X 10~-0897'—7,77 


[ox}%}-! = —5.2 10--0170t—23.6<10--0807§—16.9 
Initial rotation, {a]%-!=—45,7 
Equilibrium rotation, {a]}''=—16.9 





= Devistion 
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SRLS 


SPE oo merge 
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Average... 

















1,0022 g in 25 ml at 0.3° C in a 4-dm tube 
°S = —2.71 KX 10~-0007t—7_56 x 10-0187 —9.36 


[a}§;* = —5.9X 10--00807+— 16.3 10--0187t— 20.2 
Initial rotation, [a]%;*=—42.4 
Equilibrium rotation, [a]%;*=—20.2 





—18. 58 


Peeae 
S233 
.f PPR PEOeS 
S2Rao 


SRBSe S588e 


28 SSSS5 FBRES 
RPS LASSSQ szeaee 


Brae 
2B: 





341. 70 
ao 











Average_- 

















' The equations and values for the mutarotation constants, m: and ms, were determined 7? the method 
n 


described by Isbell and Pigman (J. Research NBS 18, 156 (1937) RP969). The values given in the column 
headed “‘deviation” represent the differences between the observed rotations and those calculated for like 
times by extrapolation of the mutarotation data for the latter part of the reaction, using the constant, m 
and beginning the extrapolation after the rapid reaction is complete. 
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(II) f8-d-Talose 
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(III) a-l-Ribose 
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H,0H 
(VI) a-d-a-Guloheptose 
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HOH 
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HOCH 
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(VIII) d-a-Guloheptonic (IX) d-a-Guloheptonic-y- 
acid 


lactone 


The rapid mutarotation reaction for a-d-a-guloheptose is similar to 


the rapi 


ribose [10], 8-glucoheptose [11], talose [12], and levulose. 


mutarotation reactions of galactose [7, 8], arabinose [9], 


As pre- 





viously pointed out, whenever the temperature of a solution of galac- 
tose, arabinose, or talose is changed a mutarotation occurs. The 
changes in optical rotation suggest that the equilibrium proportions 
of the constituents responsible for the rapid reactions vary with temp- 
erature, whereas the equilibrium proportions of the constituents 
responsible for the slow reactions do not vary with temperature. 
The results given in table 2 show a similar thermal-mutarotation for 
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d-a-guloheptose. After the solution of d-a-guloheptose is cooled the 
optical rotation increases in the levo direction at a rate comparable to 
that of the rapid reaction (m;). This change comprises the larger part 
of the mutarotation and shows that the change in temperature causes 
a disturbance in the equilibrium proportions of the labile constituents. 
This initial change appears to be followed by a readjustment of the 

roportions of the normal alpha and beta isomers. This causes a very 
small decrease in the optical rotation which occurs at a rate compa- 
rable to that of m,. The large alteration in the equilibrium proportions 
of the constituents concerned in the rapid reaction shows that this re- 
action involves a large energy change, whereas the small alteration 
in the equilibrium proportions of the constituents involved in the slow 
reaction shows that in this case the heat of reaction is small. 


Taste 2.—Mutarotation of a 5.5-percent aqueous solution of d-a-guloheptose after 
cooling from 30° to 0.4° C 





°S = —0.4X 10--22t-4.3,6X 10-0184 12.8, 





Sacchari- 
meter Deviation 
reading 








Average... 























The effects of temperature on the rates of reaction (m, and mz.) 
clearly demonstrate that the fast and slow reactions are fundamentally 
different. Previous measurements ‘* have revealed that the tempera- 
ture coefficients for the slow reactions are in every case less than those 
for the corresponding fast reactions. Thus, application of the Arrhen- 
ius equation to the measurements on mannose, galactose, talose, 
arabinose, and ribose gave for Q an average value of 16,900 from m,, 
and 13,200 from m;. Application of the same equation to the data for 
a-d-a-guloheptose gives corresponding values of 14,180 and 12,610. 
These are equal to temperature coefficients of 2.2 and 2.0 for m, and 
Ms, respectively. 

_ Since nearly all of the free crystalline sugars contain the pyranose 
Ting, it is seglaile that the new sugar is also a pyranose. If this be 
true, the oxygen of the ring lies to the left, and since the sugar is the 
more levorotatory number of the a-f pair, according to the author’s 
nomenclature this should be designated a-d-a-guloheptose. The 


* Page 165 of reference [3]. 
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changes in optical rotation which have been found for d-a-guloheptog. 
resemble in all respects the changes previously reported for a-d-taloge 
The marked parallelism illustrates in — manner the advantage 
gained by basing the classification of the alpha and beta sugars op 
configurations of the pyranose ring, rather than on the configuration 
of the terminal asymmetric carbon. 


II. THE GULOHEPTONIC ACIDS AND THEIR SALTS 


In order to prepare the new sugar, it was necessary to study the 
separation of the epimeric acids obtained from d-gulose by the cyap. 
hydrin synthesis. Previously, La Forge [14] Goce the cyanhydrin 
synthesis to d-gulose and prepared the barium salts of the two gulohep. 
tonic acids. Gne of these acids he separated in the pure crystalline 
state; the other he obtained merely in an impure amorphous condition, 
The acid derived from the crystaline barium salt gave a levorotatory 
phenylhydrazide. This levorotation indicates that the hydroxyl on 
the second carbon lies to the left [15], and since the configurations of 
the remaining carbons are the same as those of d-gulose, the acid has 
the structure indicated by formula VII. As this was the first gulohep. 
tonic acid to be isolated, in accordance with the nomenclature of 
Fischer it was designated a-guloheptonic acid; and the second acid, 
which was not obtained pure, was called 6-guloheptonic acid. Sub. 
sequently, in order to systematize the nomenclature,’ the author sug. 
gested that the names be changed, so that the acids and their deriva- 
tives would be called alpha or beta according to whether the second 
carbon is of the same or different configuration from that of the ter. 
minal asymmetric carbon. In this paper the revised nomenclature 
is used, as illustrated by the names and formulas given on page 642. 

The author has succeeded in preparing both of the guloheptonic 
acids in the crystalline state, as well as the crystalline lead and barium 
salts. Lead d-a-guloheptonate is more levorotatory than barium 
d-a-guloheptonate. The direction of these rotations is evidence [16} 
that the hydroxyl of the alpha carbon lies to the right, as illustrated 
in formula VIII. This acid also forms a crystalline phenylhydrazide 
which is dextrorotatory. The dextrorotation of this derivative sub- 
stantiates the allocation of the hydroxyl of the alpha carbon to the 
right. When the crystalline acid is dissolved in water it undergoes 
lactone formation which gives rise to the mutarotation given in 


table 3. 
TABLE 3.—d-a-Guloheptonic acid 





4.100 g per 100 ml at 20° C in a 2-dm tube 
[a}*®=°S x 4.222 





Observed Observed 
rotation ; [a]? Time | rotation 





°8 
—2. 62 
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°S 
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§ Page 529 of reference [4]. 
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By dehydrating an aqueous solution of d-a-guloheptonic acid at 
100° C the gamma lactone is formed. This substance is useful for 
the final purification of the acid and for the preparation of a-d-a 
guloheptose. The lactone is apn | hydrolyzed by water with 

eneration of the free acid in smail quantity and establishing an 

uilibrium state. This gives rise to the mutarotation given in 
table 4. 
TABLE 4,—d-a-Guloheptonic y-lactone 














4.042 g per 100 ml] at 20° C in a 4-dm tube 
Time oration | [alif 
Hours °8 

0.05. +11. 91 25. 5 

Stare berths 11.71 25. 1 

ee SESE 4 REE 8s fu 56 24.8 

pA Raa Smt 10. 90 23.3 

TEE Ek ES, +8. 30 17.8 

105 days............. +7.80 16.7 

















The salts of d-8-guloheptonic acid resemble those of <p cmon, 
tonic acid and can be separated only by laborious fractional crystalli- 
zation. Barium d-8-guloheptonate gives [a]J?=—+1.5, and lead 
ey aye gen gives [a]J>?=+16.7. The high dextrorotation of 
the lead salt in comparison with the rotation of the barium salt and 
the /-configuration of the alpha carbon are in harmony with the rule 
[16] correlating the optical rotations of the lead and alkaline earth 
salts with their configurations. The lead salt on treatment with 
sulphuric acid gives the free acid, which crystallizes readily. In 
aqueous solution the acid undergoes lactone formation, giving rise to 
the complex mutarotation reported in table 5. The character of the 
mutarotation shows that the delta lactone is formed more rapidly than 
the gamma lactone. Judging from the changes in optical rotation, the 
delta lactone is levorotatory in accordance with Hudson’s lactone rule. 


TaB_y 5.—d-8-Guloheptonic acid 

















3.976 g per 100 ml at 20° C in a 4-dm tube 
fa]7p =°S X2.1768 

Time |Toration | “el |] Time | Sotation | lalss 

Hours °s Houre °8 
0. 07 +5. 88 +12.8 3.2 +4.81 +10.5 
2 +5. 75 +12.5 6.0 +4. v5 +10.8 
.3 +5. 61 +12.2 6.7 +5. 16 +11.2 
Pe +5. 43 +11.8 23.5 +7. 44 +16.2 
1.0 +5. 12 +11.1 47.9 +9. 83 +21.4 
2.0 +4.77 +10. 4 72 +11. 72 +25. 5 
2.5 +4. 76 +10.4 222 +19. 44 +42.3 
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III. EXPERIMENTAL DETAILS 


1. SEPARATION OF THE ACIDS OBTAINED FROM THE CYANHYDRIN 
SYNTHESIS 












The nitriles of d-a- and d-§-guloheptonic acids were formed by 
treating 500 g of gulose-calcium chloride [17] in a 10-percent aqueous 
solution with an equivalent quantity of sodium cyanide [18]. Hydrol- 
ysis of the product with an excess of lime gave a precipitate of basic 
calcium salts which was collected on a filter and washed. The basic 
salts were decomposed by carbonation to give a solution containing 
the normal calcium salts. This solution was mixed with sufficient 
sulphuric acid to combine with the calcium, and after the addition of 
one-half volume of isopropy! alcohol, the solution was filtered and 
the insoluble calcium sulphate was discarded. Rapid evaporation of 
the aqueous alcoholic solution under diminished pressure yielded 100g 
of crystalline acid, which was separated by filtration. The crystalline 
product contained d-a-guloheptonic acid mixed with a small quantity 
of d-§-guloheptonic acid. In the absence of nuclei of crystalline 
d-8-guloheptonic acid, nearly pure d-a-guloheptonic acid is obtained 
at this point. 

The crystalline acid thus obtained was used for the preparation of 
d-a-guloheptonic y-lactone, as described in a separate paragraph. 
The amount of soluble acids and lactones in the mother liquor was 
ascertained by titration of a small sample with standard alkali, and 
then the equivalent quantity of lead oxide was added to convert the 
acids to normal lead salts. After the lead oxide had dissolved, the f[ 
mixture was seeded with lead d-8-guloheptonate. After standing for 
several hours an abundant crystallization occurred. The crystalline 
salts were separated and found to be a mixture of lead d-8-gulohep- 
tonate and lead d-a-guloheptonate. By fractional recrystallization 
from hot water about 110 g of pure lead d-6-guloheptonate and 50g 
of lead d-a-guloheptonate were obtained. The separation of the two 
salts, which may be followed by the optical rotations, requires numer- 
ous crystallizations. Both salts are relatively difficultly soluble in 
water and crystallize readily. Lead d-a-guloheptonate gives an | 
optical rotation of —6.6, while lead d-8-guloheptonate gives +16.7, 






































2. d-8-GULOHEPTONIC ACID 


Equivalent quantities of lead d-8-guloheptonate and 1 N sulphuric | 
acid were mixed and then diluted with an equal volume of isopropyl f 
alcoho]. After separating the lead sulphate by filtration, the solution 
of d-6-guloheptonic acid was evaporated rapidly under diminished 
pressure to a thin sirup from which the crystalline acid separated in 
good yield. The acid crystallizes in diamond-shaped plates which 
frequently form in laminated clusters. The crystals melt at 135° C, 
and in a 4-percent aqueous solution give [a]7=-+12.8. The new acid 
is soluble in water and much less soluble in alcohol and in acetic acid. 
After drying at 40° C in vacuo over calcium chloride the new acid 
corresponds to the following analysis: Calculated for C;H,,0,: C, 
37.17; H, 6.24. Found: C, 37.23; H, 6.02. It tastes sour, reacts 
definitely acid, and requires one equivalent of alkali for neutralization. 

Lead d-§-guloheptonate was first obtained from the crude acid 
resulting from the cyanhydrin synthesis. But for analysis the pure 
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salt was prepared from d-f-guloheptonic acid and an equivalent 
uantity of lead oxide. The salt crystallizes in concentric clusters of 





ae rhombic-shaped plates which are difficultly soluble in cold water, 
| fairly soluble in hot water; at 20° C about 1 g dissolves in 100 ml. 
by [| Ina 2-percent aqueous solution, the new substance gives [a]? = + 16.7. 
ous After drying in vacuo at 40° C over calcium chloride it corresponds to 
rol. the following analysis: Calculated for Pb (C;H,;0s).: C, 25.57; H, 
asic 3.98; Pb, 31.51. Found: C, 25.67; H, 3.96; Pb, 31.6. 
sic Barium d-6-guloheptonate, first prepared by La Forge [15], was 
ing | obtained by neutralization of the acid with barium carbonate. The 
ent | salt crystallizes in rhombic-shaped plates frequently truncated, 
of [| thereby forming elongated hexagons. In a 3-percent aqueous solu- 
nd | tion the product gives [aj>=+1.5. After drying at 40° C in vacuo 
‘of [| over calctum chloride it corresponds to the following analysis: Cal- 


0g | culated for Ba(C;Hi:0,)2: C, 28.61; H, 4.46; Ba, 23.37. Found: 
ine | C, 28.29; H, 4.34; Ba, 23.25. 








a 3. d-a-GULOHEPTONIC ACID 
ied The crude crystalline acid, obtained from the cyanhydrin synthesis, 
was purified by converting it into the crystalline y-lactone, which was 
of recrystallized and then converted into lead d-a-guloheptonate. This 
oh. salt was mixed with an equivalent quantity of dilute aqueous sul- 
~ phuric acid and after the addition of one-half volume of isopropyl 
ve alcohol the solution was filtered. The filtrate was concentrated under 
Me reduced pressure to a thin sirup which was then mixed with an equal 
a volume of isopropyl! alcohol. Crystalline d-a-guloheptonic acid sep- 
om arated in long slender triangular prisms which melt at 128° C. The 
ug crude product was recrystallized by dissolving 10 g in 15 ml of water, 
P adding 25 ml of acetic acid, and cooling to 0° C. After standing 
" for several hours about 5 g of d-a-guloheptonic acid was separated. 
8 In a 4-percent aqueous solution the new acid gives [a]??=—12.6. 
re After drying at 40° C in vacuo it corresponds to the following analysis: 
nit Calculated for C;H,,Os: C, 37.17; H, 6.24. Found: C, 36.35; H, 
= 6.07. The product is sour, reacts acid, and requires one equivalent 
7 of alkali for neutralization. The analysis indicates that the product 
; was slightly impure, but as only a small quantity of the material was 

at tom it was not purified further. 

d-a-Guloheptonic y-lactone was prepared by evaporating and heating 
ic an aqueous solution of d-a-guloheptonic acid in the presence of a few 
yl drops of hydrochloric acid The resulting thick sirup was dissolved 
n in ethyl alcohol and allowed to stand. In the course of 2 days a new 
d substance crystallized in irregular clusters of triangular-shaped plates 
D (possibly truncated rectangular prisms). This substance was sepa- 
h rated, recrystallized from ethyl aloslasl; and dried at 40° C in vacuo, 


The product thus obtained is slightly sweet, reacts neutral, but is 
d readily saponified by dilute alkali. It melts at 145° C and in a 4- 
. percent aqueous solution it gives [a]7—=-+25.5 and the mutarotation 
| given in table 4. The new substance which is d-a-guloheptonic y-lac- 
é tone corresponds to the folowing analysis: Calculated for C,H,.0;: 
A C, 40.39; H, 5.81. Found: C, 40.56; H, 5.81. 

‘ d-a-Guloheptonic phenylhydrazide was prepared by mixing 1 g of 
1 a-guloheptonic acid with 1 ml of phenylhydrazine dissolved in 10 ml 
a of 80-percent (by volume) aqueous ethyl alcohol. After standing for 
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several hours, crystalline d-a-guloheptonic phenylhydrazide separated 
in slender needle-like prisms which grew into elongated plates. The 
crystals, which melt with decomposition at 156° C, are difficultly goj. 
uble in 95-percent ethyl alcohol but readily soluble in 80-percent 
aqueous alcohol. After recrystallization from alcohol and drying at 
40° C in vacuo the substance in water solution gives [aJ7=+293 
(0.4962 g in 25 ml read +6.72° S in a 4-dm tube) and corresponds to 
the following analysis: Calculated for C,;H»O;N:: C, 49.36; H, 6.37, 
Found: C, 49.37; H, 6.32. 

Barium d-a-guloheptonate was prepared in aqueous solution from 
equivalent quantities of d-a-guloheptonic acid and barium hydroxide, 
The salt crystallizes in rhombic-shaped plates which resemble those of 
barium d-8-guloheptonate. The product obtained after recrystalli. 
zation from hot water and drying at 40° C in vacuo over calcium 
chloride gives [a]?=—1.4 in a 4-percent aqueous solution and corre. 
sponds to the following analysis: Calculated for Ba(C;H,;0,),: C 
28.61; H, 4.46; Ba, 23.37. Found: C, 28.78; H, 4.50; Ba, 23.37. 

Lead d-a-Guloheptonate, Pb(C;H,,;0s)2, was prepared by mixing in 
an aqueous solution equivalent quantities of d-a-guloheptonic acid 
and lead oxide. The salt crystallizes from hot water in rhombic- 
shaped plates, which are relatively difficultly soluble in cold water; 
at 20° C, 0.824 g dissolved in 100 ml of water. The salt also crystal- 
lizes in needles which contain 1 molecule of water of crystallization. 
The anhydrous salt after drying at 40° C in vacuo gives [a]?=—66 
in a 1-percent aqueous solution and corresponds to the followi 
analysis: Calculated for Pb(C;H,;0s).: C, 25.57; H, 3.98; Pb, 31.51. 
Found: C, 25.55 H, 4.09; Pb, 31.3. 


4. PREPARATION OF a-d-a-GULOHEPTOSE 


Forty-five grams of d-a-guloheptonic y-lactone, dissolved in 450 ml 
of water and 150 ml of ethyl alcohol, was reduced with 1,200 g of 
3.25-percent sodium amalgam. The reduction was conducted at 0° 
C, while the solution was stirred and maintained at about pH 3.0 by 
adding 10-percent aqueous sulphuric acid. After the reaction was 
complete the resulting crystalline sodium sulphate and mercury were 
separated. The solution was then evaporated to a thin sirup, which 
was diluted with three volumes of methyl alcohol. This caused the 
crystallization of considerable sodium sulphate which was discarded. 
The solution was then evaporated to a sirup (50 ml) which was ex- 
tracted with five volumes of ethyl alcohol. After standing several 
days, about 26 g of crystalline a-d-a-guloheptose separated. The 
crude sugar (25 g) was dissolved in water and the solution was clarified 
with decolorizing carbon and then concentrated under diminished 
pressure to a heavy sirup of about 85 Brix. This sirup was mixed 
with 50 ml of acetic acid and seeded with crystalline a-d-a-guloheptose. 
A satisfactory crystallization occurred during the course of several 
hours. The crystalline sugar was collected upon a filter and washed, 
first with acetic acid and finally with ethyl alcohol. This product 
was then recrystallized in like manner, with the exception that ethyl 
alcohol was substituted for the acetic acid. The resulting sugar was 
dried at 40° C in vacuo and used for the analysis and the mute- 
rotation measurements reported in table 1. The sugar crystallizes m 
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jong slender prisms which melt at 127° C. In a 4-percent aqueous 
solution the new sugar gives an initial specific rotation of —45.7; at 
equilibrium, [ajo =—16.9. The sugar is anhydrous, as shown by 
the following analysis: Calculated for C,;H,,O;: C, 40.00; H, 6.71. 
Found: C, 39.93; H, 6.70. 


IV. SUMMARY 


By treating d-gulose CaCl,.H,O with sodium cyanide followed by 
lime, basic calcium salts of the epimeric guloheptonic acids were 
precipitated. Decomposition of the mixture with aqueous sulphuric 
acid and concentration of the resulting solution gave d-a-guloheptonic 
acid (C;H,,0Os), which melts at 128° C and gives [a]?=—12.6; 
d-a-guloheptonic y-lactone (C;H,,0,) melts at 145° C and gives [a]? = 
+25.5; d-a-guloheptonic phenylhydrazide (C;H,;0;N,;H,C,H;) melts at 
156° C and gives [a]? =+29.3; lead d-a-guloheptonate, Pb(C,;H,30.). 
gives [a]p =—6.6; and barium d-a-guloheptonate, Ba(C;H,30¢)2, gives 
[aj?=—1.4. The mother liquor from d-a-guloheptonic acid yielded 
d-b-guloheptonic acid, C;H,Os, which melts at 135° C and gives 
[aj?=+12.8; lead d-8-guloheptonate, Pb(C7H:30s)2, gives [al7?= 
+16.7; and bariwm d-§-guloheptonate, Ba(C;H,;,0s). gives [a]??= 
+1.5. The lead and barium salts are useful for the purification and 
separation of the two acids. Reduction of d-a-guloheptonic y-lactone 
with sodium amalgam gives d-a-guloheptose, which was separated in 
the crystalline alpha form. 

a-d-a-Guloheptose (C;H,,0;) melts at 127° C and in water solution 
gives [a]p>=—45.7 initially, and exhibits mutarotation until at 
equilibrium [a]7=—16.9. Mutarotation measurements were con- 
ducted at two temperatures: at 20.1° C [a]>=—5.210-""'— 23.6 
10-9" 16.9; at 0.3° C [a]p=—5.9 X 107 "— 16.3 K 10-!8"*§ 20.2. 
The mutarotations show a fast change accompanied by a smaller slow 
change. Hence the equilibrium solution contains at least three modi- 
fications of the sugar in dynamic equilibrium. The proportions of the 
constituents involved in the rapid reaction vary with temperature so 
that a change in temperature results in a rapid mutarotation. The 
temperature coefficient for the rapid mutarotation reaction corre- 
sponds with those for the rapid reactions which cause the deviations 
in the mutarotations of galactose, arabinose, talose, ribose, and 
d-8-glucoheptose. On the other hand, the temperature coefficient 
for the slow change agrees with those for the slow reactions which 
cause the normal mutarotations of glucose, mannose, galactose, gulose, 
and talose. The structure, reactions, and properties of the new sugar 
resemble those of a-d-talose and provide additional evidence that the 
properties of the sugars are determined in large measure by the con- 
figuration of five carbon atoms comprising the pyranose ring. 


The author expresses his appreciation to Clement J. Rodden of this 
Bureau who made the microanalyses, and to William F. Sager, 
Leonard Smith, and Alexander Sadle, student assistants, who pre- 
pared the gulose-calcium chloride and assisted in the preparation of 
the guloheptonic acids and the reduction of d-a-guloheptonic y-lactone. 
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ARC AND SPARK SPECTRA OF YTTERBIUM 


By William F. Meggers and Bourdon F. Scribner 
747 





ABSTRACT 


A new description of conventional arc and spark spectra of ytterbium (neo- 
ytterbium, aldeberanium) has been completed in the wave-length range 2000 to 
11000 A. Wave-length measurements and intensity estimates are presented 
' for 1,668 lines, 400 of which characterize neutral Yb atoms (Yb 1 spectrum), about 
og (Op 1,250 are due to singly ionized atoms (Yb m spectrum), and possibly a dozen 
' belong to doubly ionized atoms (Yb m1 spectrum). Some spectral regularities 
are given for neutral and for singly ionized atoms. The ground states of Yb, 
Ybt, and Yb** atoms appear to be associated with the electron configurations, 
4f46s?, 4/68, and 4", respectively. 
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I. INTRODUCTION 


In 1878, Marignac [1]! discovered in gadolonite a new earth which 
he named ytterbium (Yb). Nearly 30 years later Urbain [2] succeeded 
in splitting ytterbium into two components, which he named neo-' 

terbium (Ny) and lutecium (Lu). The same separation was made 
independently (and probably somewhat earlier) by Auer [3], who pro- 
posed the names aldeberanium (Ad) and cassiopeium (Cp). The 
common usage now is to represent the elements having atomic num- 
bers 70 and 71 by the symbols Yb and Lu, respectively, except in 
Austria and Germany where Ad and Cp are more generally used. 

Owing to the difficulty of separating rare earths from one another, 
and to the complex nature of their spectra, descriptions of the latter 
have long been in a most unsatisfactory state. In our recent paper 
[4] on the are and spark spectra of lutecium, we remarked that all 
available samples of lutecium were contaminated by ytterbium and 
thulium so that the spectra of the former could not be unambigu- 
ously determined without simultaneous comparison with ytterbium 
and thulium spectra. Thus our attempt to produce a complete and 
trustworthy description of lutecium spectra naturally led to the pro- 
duction of similar data for thulium and ytterbium. Improved de- 
scriptions of these spectra are essential not only for purposes of spec- 
troscopic identification and analysis, but also for the term analyses 
and interpretation or spectral structures characteristic of different 


' Numbers in brackets refer to literature citations at the end of this paper. 
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atoms and ions. In the present paper we make public our lates 
description of the conventional arc and spark spectra of ytterbium 
including some preliminary details about spectral structures. 

The only spectroscopic tables published for ytterbium since the 
discovery of lutecium are the following [5]. Auer [3]. first gave a list 
of 200 spark spectrum lines (2621.24 to 5897.56 A), but most of the 
wave lengths were borrowed from a table which Exner and Haschek 
had given for old ytterbium containing unrecognized lutecium, 
In 1910, Eder and Valenta [6] published 58 lines (5474.24 to 5788.87 A) 
observed in the arc spectrum and in 1911, reproduced spectrograms 
and gave tables of wave lengths [7] for the arc spectrum (169 ling 
2615.48 to 6799.87 A) and for the spark spectrum (195 lines 2615.48 to 
6799.87 A). The most complete tables were published, in 1911, by 
Exner and Haschek, who list 905 lines (2320.95 to 6799.91 A) observed 
in the arc spectrum [8] and 795 lines (2224.58 to 6489.31 A) in the 
spark spectrum [9]. These tables contain a considerable number of 
lutecium and thulium lines, and many ytterbium lines are common to 
both, without positive indication as to whether they belong to neutral 
or to ionized atoms. In 1914, Blumenfeld and Urbain [10] measured 
the wave lengths of 499 lines (2309.6 to 3499.4 A) most of which were 
believed to represent ytterbium, although many were recognized as 
possible impurities. The latest extensive description of Yb spectra 
consists of 422 lines (2271.51 to 7699.49 A) observed in the are spectrum 
by Eder [11], neglecting more than 200 lines ascribed to impurities, 
principally Tm. The salts available for these early investigations of 
rare-earth spectra were so impure that great difficulty was experienced 
in sorting the lines and frequently the same lines were ascribed to two 
different elements. For example, [12] 2615.41 Yb, Lu; 2693.33 Yb, 
Lu; 3283.40 Yb, Tm; 3362.61 Yb, Tm; 3425.10 Yb, Tm; 3441.51 Yb, 
Tm; 3472.48 Yb, Lu; 3887.34 Yb, Er; 5074.32, De, Tm, Yb; 5307.11 
Yb, Tm. Except for the temperature classification of 399 lines 
(2935.09 to 6799.58 A) by King [13], no further investigations of Yb 
spectra have been reported in the past 22 years. 


II. EXPERIMENTS 


Our first measurements of Yb spectra were made in 1929 when the 
investigation of Lu spectra was begun [4]. Samples of Lu and Yb 
oxides prepared by Auer, and obtained from Eder in 1919 when he 
discontinued his work in spectroscopy, were available. Although 
the chemical separation was far from complete, it was possible to 
make a fairly satisfactory assignment of lines to Lu and Yb b 
simultaneous comparison of are and spark spectra. However, bo 
salts contained some Tm as impurity which could not be completely 
identified without comparable data for Tm spectra. The first sample 
of Tm salt available for this purpose was generously supplied in 1933, 
by Professor B. S. Hopkins, University of Illinois, who also’ supplied 
a sample of Lu oxide and three samples of Yb oxide, one of whi 
contained more Lu than Tm, another more Tm than Lu, and the third 
was entirely free from both Lu and Tm, but contained considerable 
lanthanum. This ytterbium material was purified by the electrolytic 
reduction method devised by L. F. Yntema [14]. Alkali (Li, Na, K) 
and alkaline-earth (Mg, Ca, Sr, Ba) impurities are usually present m 
rare-earth salts, but these have extremely simple spectra, which are 
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easily identified. Miscellaneous impurities were detected by com- 
aring our final wave-length list with Kayser’s Hauptlinien [12] and 
with a description of lanthanum spectra [15]. 

The procedures employed to insure the correct assignment of 
the F spectral lines to their emitter, both as regards chemical element and 





test 





list stage of ionization, were the same as for the study of Lu spectra [4], 
the and the details regarding light sources, spectrographs, photographic 
~ | plates, etc., given there need not be repeated here. 

on : III. RESULTS 

lines The measured wave lengths and estimated relative intensities of 
Sto | 1,668 Yb lines observed in arc and spark spectra are presented in 
»by | table1. Each line in this table was observed on two or more spectro- 
'ved grams except a few with questioned intensities which were seen only 
the F on the strongest exposures. The brightest Yb lines were measured 
roi — on eight or nine spectrograms, and many of them were measured a 
mt — number of times on Lu and Tm spectrograms, where they appeared 
tral — simpurities. The concordance of values from different spectrograms 
ured — and the coincidence of wave lengths with impurity lines indicates that 
vere — the final results for most lines are correct within 0.01 A, but errors of 
d as 0.02 A or more may exist among faint lines. Hazy lines which occur 
ctra fF so frequently in spark Seay are not only subject to larger acci- 
Tum — dental errors but may show some systematic error, since they are 
ties, | usually unsymmetrical. Otherwise, Yb lines appear to be sharp 
sof | and free from hyperfine structure. No information on the isotopic 
nced F constitution of is available, but since hyperfine structures have 
two been detected only for lines of rare earths with odd atomic number, 
Yb, | Yb (Z=70) may be assumed to be immune. 

Yb, F In 1915 Eder [11] published 177 lines, which he suspected belonged 
7.11 — toanew element, denebium (De). It now appears that at least 110 
ines of these lines are due to ytterbium, and many of the remainder are 


Yb — due to thulium. 
TaBLE 1.—Arc and spark spectra of ytterbium (Z=70) 
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TABLE 1.—Arc and spark spectra of ytterbium (Z=70)—-Continued 
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TABLE 1.—Arec and spark spectra of ytterbium (Z=70)—Continued 
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TABLE 1.—Arc and spark spectra of ytterbium (Z=70)—Continued 
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TaBLE 1.—Arc and spark spectra of ytterbium (Z=70)—Continued 
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TABLE 1.—Arc and spark spectra of ytterbium (Z=70)—Continued 
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TaBLE 1.—Arec and spark spectra of ytterbium (Z=70)—Continued 
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Tas_w 1.—Are and spark spectra of ytterbium (Z=70)—Continued 





i 


Intensity and Intensity and Intensity and 
character character 


Spee- character 











trum 
Arc 





5117.75 
5121.61 


5142.31 
5147.02 
5152.34 
5173 13 
5178.73 


5180.36 
5184.18 
5187.38 
5193.87 
5194.76 


5196.09 
5200.57 
§211.59 
5215.45 
5217.98 


5226.19 
5227.09 
5227.25 
6228.18 
5229.99 


5236.68 
5240 51 
6244.11 
5244 65 











Behe steg. 


= 


—— 
Soe 


oa 


oo 








mt tt ee 





Seah 
i 5-5-8 | 





ir o— a | 


Sae So 


-ESSS SSRae@ soos. 
oe 


wt me ee 





ah E— 
Se oo 





om oe 
an Oe Ge Gm ome 


ce Oe Ce Ce Oe 









































oa Ge Ge Ge ono Ge on on 


Meqpert] Arc and Spark Spectra of Yiterbium 


TABLE 1.—Are and spark spectra of ytterbium (Z=70)—Continued 
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TABLE 1.—Are and spark spectra of ytterbium (Z=70)—Continued 
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The data of table 1 represent at least three different spectra, each 
characteristic of Yb in some form or another. About 400 lines belong 
to neutral Yb atoms (Yb 1 spectrum), approximately 1,250 character- 
ize singly ionized atoms (Yb 11 spectrum), and possibly a dozen belong 
to doubly ionized atoms (Yb m1 spectrum). We found no evidence 
of band heads which could be assigned to a molecular spectrum of 
ytterbium compounds. 

The successive atomic spectra are differentiated mainly on the basis 
of intensity comparisons of arc and spark spectra, but since the latter 
were not recorded beyond 7,000 A the lines of longer wave length 
from ionized atoms remain unobserved, or unrecognized if recorded in 
arc spectra. The Yb1 spectrum is surprisingly oe but may not 
be fully developed in the are. It may possess more lines in the infra- 
red but the available Yb material was too scarce and precious to permit 
long exposures required to photograph beyond 10,500 A. The Ybu 
spectrum is probably even more complex than is apparent because in 
addition to being undetermined beyond 7,000 A some lines are prob- 
ably overlooked on account of being masked by silver lines or by the 
air spectrum. 

Our assignment of lines to successive spectra agrees almost per- 
fectly with King’s [13] separation of ionization stages based upon 4 
study of the electric-furnace spectra of Yb. This grouping of lines 1s 
further confirmed by the spectral-term analyses, insofar as they have 
been carried out. 

Since no details concerning regularities in the spectra of ytterbium 
have heretofore been published, we present a preliminary report, as 
follows: Soon after making our first measurements and identifications 
of lines from neutral Yb atoms, in 1930, we found from repeated 
differences among wave numbers three energy levels with separations 
of 703.5 and 1718.4 cem=!. These were interpreted as (f'sp)*Po12 by 
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Prof. H. N. Russell, who promptly identified two singlet levels 
(f4sp)'P; and (f"s*)'Sy, which account for the two lines of outstanding 
intensity and easy excitation in the Ybispectrum. These terms and 
their combinations are displayed in table 2 where the term symbols 
and relative values appear on the margin and the wave lengths (inten- 
sities) and wave numbers of the observed combinations at intersec- 
tions of lines and columns. Only the terms which can be interpreted 
with considerable certainty are given now, the remainder being re- 
served until the analysis is completed and confirmed by observations 
of Zeeman effects, which, up to the present time, have not been pro- 
duced for Yb spectra. It nage certain that the normal state of 
neutral Yb atoms is described by (4f6s?)'S, and that the most intense 
line of the Ybr spectrum is (4f"6s?)'S,—(4f“6s6p)'P, with wave 
length 3,987.99 A. This spectrum closely resembles that of an alka- 
line earth. Indeed, the fact that Yb may be bivalent accounts for its 
separation by electrolytic reduction from other trivalent rare 
varths [14]. 

2 alee BE in a similar manner with Yb 1 lines the authors found 
several score of levels combining to produce some hundreds of lines, 
but it was impossible to group the levels into terms and identify them. 
Two lines of extraordinary intensity featuring the Yb 1 spectrum 
were not included among our level combinations and Professor Russell 
suggested that they represent the transition (f's)*S.— (fp)*P,». 
When the f shell is completely filled (f) it contributes nothing to the 
spectrum and a single-valence electron will produce an alkali-like 
spectrum with (s)*S describing the normal state. However, the rela- 
tively great complexity of the Yb 1 spectrum indicates that most of 
the excited states must arise from electron configurations of types 


f's?, f¥sd, f8d’, f®sp, f*sd, which produce large families of spectral 


terms. This is probably the explanation of the numerous levels first 
discovered, but further attempts to interpret them and connect them 
with terms arising from configurations with f' electrons will be post- 
poned until Zeeman effects are available. 


TABLE 2.—Terms and combinations in the Yb 1 spectrum 








ae 7 
Tartaymbol.. nc cad (4f146s6p)? PF (4f6s6p)3PP (4f46s6p)3PZ =| «(4f'6s6p)! PP 
ce ua 17288. 5 17992. 0 19710. 4 25068. 2 
Term symbol 
5556. 48(1500) 3987. 98(2000) 
(414698)'S9_ le 0.0 17992, 0 25068. 2 
6489. 10(800) 6799. 61(1000) 7699. 49(1500) 
(4f'6979)8Sy_.-- 32694.7 | 15406. 2 14702. 7 12984. 3 
4439. 21(100) 4582. 36(50) 4974. 16(10) 6782. 17(4) 
(4f'685d)3Dy_.. 2. 39808. 7 | 22520. 2 21816. 7 20098. 3 4740. 5 
4576. 21(200) 4966. 91(100) 6768. 70(80) 
(4f6s5d)8D3_. 39838. 0 21846. 0 20127. 6 4769. 8 
4935. 51(500) 
(4f6s5d)3Dy_. 39966, 1 20255. 7 
4529. 90(20) 4912. 38(20) 6667. 85(1000) 
(4/"6s5d)'De_ 40061. 5 22069. 4 20351. 1 4993. 2 : 
4109, 60(5) 4231. 99(10) 4564. 00(50) 
(6f"Gs8s)9S) 41614.9 | 24326. 4 23622. 9 21904. 5 
3734. 70(6) 3990. 89(40) 5075. 75(50) 
(4/"6s6d)'Dy 44760. 3 26768. 3 25050. 0 19692. 2 
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The resonance lines of Yb u are interpreted with considerabls 
certainty, as shown in table 3. The most intense line emitted } 
singly ionized Yb atoms is expected to be (f'6s)"Sy— (f“6p)P ix wi 
wave length 3289.36 A, but the estimated intensities appear to be 
semanas anomalous. Apparently 3694.19A is the strongest Yb py 

ne. 

No attempt has been made to analyze the Yb m1 spectrum, but it 
may be expected that the ground state of doubly ionized Yb atoms js 
described by (4f'*)'So. The full shell of f-type electrons is likely to 
have high stability on account of which the fundamental lines emitted 
by Yb** ions will probably lie in the extreme ultraviolet. 





TaBLe 3.—Terms and combinations in the Yb 1 spectrum 








Teem symbdi... ......-.-.<. (4f6p)?P°o 46 (4f'46p)?P°; 6 
Value 27061. 9 30392. 3 


Term symbol Value 





3694. 19(1000) 3289. 36(800) 
27061. 9 303 


(4f1463)9So 1 0.0 92. 3 
3669. 71(10) 4180. 82(100) 
(4f1"78)9So y 54304. 3 27242. 4 23912. 0 
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PAPERS 
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ABSTRACT 


Change of dimension of paper is a serious factor in many of its uses, particularly 
in multicolor offset printing where changes of dimensions cause the greatest 
difficulty—misregister of prints. The changes are caused by variations in the 
relative humidity of the surrounding air. To predict the relative constancy of 
dimensions of papers in use, a method was devised for determining the expansivity 
of paper with variations in relative humidity. Specimens of paper approximately 
24 inches in length are mounted under constant tension in a cabinet in which 
humidity is controlled by salt solutions. Changes of length of the paper are 
measured by means of an optical lever, with a sensitivity of 0.00025 inch and the 
humidity and temperature inside the cabinet are determined with a wet- and 
dry-bulb hygrometer. The data thus obtained checked closely with those 
obtained by measuring specimens on a flat surface with a micrometer rule and were 
much more conveniently obtained and more reproducible. 
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I. INTRODUCTION 


The changes of dimensions of paper with changes of moisture 
content are serious in offset papers used for multicolor printing and 
for other purposes where nearly constant dimensions are desired. 
The expansivity of such papers has been determined at the National 
Bureau of Standards by measuring with a micrometer rule specimens 
24 or more inches in length, under different atmospheric conditions.’ 
While satisfactory results can be obtained in this manner, the method 
requires the operation of a testing chamber at two or more widely 
different humidities, and is practicable only for research purposes. 
Numerous methods of determining the expansivity of paper have been 
proposed but not considered satisfactory because tests were generally 
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made on small specimens and with devices in which the exact condi. 
tions surrounding the specimens were not conveniently controlled 
and measured. 

The new method permits the testing of specimens of length sufficient 
to give a reliable reading, and wide ne to permit a load sufficient 
to minimize the effects of friction without excessive stretch. The 
apparatus is self-contained to the extent that it can be used unde 
ordinary room conditions, hence it is adapted to use in the laboratory 
print shop, or mill. 

This study is one of a series made with the cooperation and financia] 
support of the Lithographic Technical Foundation, paper manufge. 
turers, printing-equipment manufacturers, and air-conditioning engi. 
neers. The studies are planned with the counsel of an advisory com. 
mittee composed of technical representatives of the cooperating firms 
under the chairmanship of Prof. R. F. Reed, Director of Litho. 
graphic Research, University of Cincinnati. 


II. DESCRIPTION OF THE APPARATUS 


The apparatus consists essentially of a wooden cabinet approx- 
mately 40 in. high, 16 in. wide, and 12 in. deep, inside dimensions, 
Relative humidity inside the cabinet is controlled by circulating the 
air wes a motor-driven fan over a suitable salt solution within a tray 
in the base. 
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Figure 1.—Apparatus for determining the relative expansivity of papers. 


The construction of the apparatus is shown in figure 1, which also 
shows the division of the cabinet to assure positive circulation over 
the salt solution and around the specimen under test. 

The specimen is placed in the clamps shown. The lower came 
C2, is fixed, and the upper one, C1, is suspended from a light, flexible 
cable, B, which leads over the pulley, P. Tension is applied to the 
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specimen by a dead-weight load on the other end of the cable at W, 
the tension being equal to the difference between the total load and 
the load required to move the upper jaw. The pulley shaft extends 
through the back of the cabinet and a mirror is mounted on the end 
outside the cabinet. Movement of the mirror, through rotation of 
the shaft, changes the position of a spot of light reflected by the mirror 
to a graduated scale near the base of the cabinet. The beam origi- 
nates from the tube shown. Light from the source, a 40-watt bulb, 
admitted through a }-in. circular aperture with a horizontal cross hair 
through its center, is focused onto the mirror by a 2-in. double convex 
lens near the other end of the tube. The mirror is mounted at an 
angle to reflect the beam of light onto the scale where the image of the 
cross hair makes a very satisfactory reading line. The tube is made 
in two sections, telescoped one within the other, to permit moving the 
section containing the lens so as to adjust the focus on the mirror to 
obtain a sharp image on the scale. The sections are 4 in. in length, 
telescoped to form a tube approximately 6 in. long. This tube is so 
placed that the lens is approximately 7% in. from the mirror. The 
cross hair is a copper wire 0.005 in. in diameter (no. 36 AWG), and the 
lens is from an ordinary hand reading glass, having a focal length of 
4.9 in. (8.00 diopters). 

Expansion or contraction of the specimen turns the shaft through 
travel of the cable over the pulley. Using the ratio of the radius of the 
pulley to the distance of the miror from the scale, which is the radius 
of curvature of the scale, the change in length of the specimen can be 
calculated from the travel of the light beam on the scale. The scale 
on the apparatus was calibrated for direct reading by raising and low- 
ering clamp C2, measuring its movement with a micrometer caliper, 
and correlating this movement with the scale readings. The readings 
were found to be 2 cm per 0.01-in. movement of the clamp, hence the 
smallest scale division, 0.1 cm, corresponds to 0.0005-in. expansion. 
It was read to the nearest half of a scale division in the tests reported. 

The cabinet is constructed of wood, 1 in. thick, covered on the inside 
with a heavy coating of wax and painted inside and outside with 
asphalt paint to minimize infiltration of air and moisture. The entire 
front is a hinged door which closes against a small rubber tube as a 
seal. The door is divided at the top of the bottom compartment so 
that the salt-solution trays can be interchanged without opening the 
remainder of the cabinet. The atmospheric conditions inside the cab- 
inet are ascertained from wet and dry bulb readings taken in the air 
stream 3 in. below the fan by inserting the thermometers through 
holes provided in the door. The circulating fan is 8 in. in diameter 
and operates at 1,450 rpm. The air speed, as determined with a tube 
type of velocimeter, is 500 feet per minute around the specimen and 800 
feet around the thermometer bulbs. This rapid circulation quickly 
brings the vapor pressure of the air to a steady state, conditions the 
test specimen rapidly, and ensures reliable wet-bulb readings.” 

A wide range of humidities is obtainable by the use of different salt 
solutions or other materials suitable for controlling vapor pressure. 
Data for a selected list of solutions suitable for most requirements are 
given in an article by Carson.’ 


*F.T. Carson. Paper Trade J. 94, no. 2 (January 14, 1932). 
*F. T. Carson, Paper Trade J. 93, no. 18 (October 29, 1931). 
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III. EFFECTS OF SOME CONDITIONS OF TESTING 
1. STRESS ON SPECIMEN 


In order to obtain data on the importance of stress, the same pape 
was tested under dead-weight tensions ranging from 50 to 1,000 g fo 
the specimens 2 in. in width. The results are shown graphically jp 
figure 2. The data were obtained for a range of relative humidities of 
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Figure 2.—Effect of tension on the hygrometric expansivity of offset paper; 
desorption curves for the same paper with different tensions. 











82 to 26 percent. In order to avoid variations due to hysteresis 
effects, the same procedure was followed for each determination. 
The specimen was mounted and conditioned first at 50-percent rela- 
tive humidity, then to the starting point at 82 percent. From this 
point, the specimen was conditioned at the other humidities indicated, 
in order of decreasing values. Scale readings for length of specimen 
and wet- and dry-bulb readings for relative humidity were taken for 
each condition after the specimen had reached constant length. 
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Although increased tension resulted in stretch of the specimen as 
indicated by separation of the curves, for the range of tensions used, 
nearly all the stretch occurred at humidities above 70 percent. Vary- 
ing the tension from 25 to 500 g per inch of width did not change 
appreciably the slope of the curve in the region below 70-percent 
humidity. Hence, if the expansivity is taken from this part of the 
curve, precise control of tension is not important. For further 
experiments reported herein, a tension of 50 g per inch of width was 
used. 


2, EFFECTS OF EXPANSION AND CONTRACTION OF THE CABINET 


The magnitude of the possible errors introduced by thermal and 
hygrometric expansivity of the cabinet itself was investigated by using 
as the test specimen a steel tape having a known coefficient of expan- 
9 The results of expansivity tests of the steel tape are shown 
in table 1. 

The wood in the cabinet appears to be quite effectively sealed against 
moisture as shown by the slight errors caused by lange humidity 
changes. However, the thermal effects are apparent and large 
variations in temperature during a test should be avoided. 


TaBLE 1.—Resulis of expansivity tests of steel tape showing errors due to thermal 
and hygrometric expansivity of the cabinet 





i Thermal Apparent 
humidity | Tempera- | Scale-reading| onet or |"ing caused 
change | ‘urechange| change tape ! (com-| by change 
puted) of cabinet 





Inch 
+0. 0008 
+. 00016 
+. 00080 
+. 00058 
—. 00064 


+. 00064 























! Coefficient of expansion of tape 0.0000116 per degree centigrade. 
3. PRECISION OF MEASUREMENTS 


Comparative tests were made to learn how well the data obtained 
with the method compared with those obtained by measuring the 
papers on a flat surface with the micrometer rule. Satisfactory 
agreement was obtained, as illustrated by the data given in table 2. 


TaBLE 2.—Comparison of expansion data obtained by two methods 





Direct readings with 
Measurements made with micrometer rule expansivity tester 
(100-g tension) 





Expansion | Average | Expansion; Average 
between | deviation | between deviation 

50- and 65- of five 50- and 65- of five 

percent rh | readings | percentrh| readings 





Percent Inch Percent Inch 
0. 062 0. 0022 0. 065 0. 0002 
- 067 . 0007 . 070 . 0003 
. 049 . 0009 . 054 . 0003 
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The slightly higher values obtained in the cabinet can be attributed 
to the tension on the specimens. When no tension is applied, expan. 
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Figure 3.—Curves showing changes of dimensions of offset paper for a complet 


cycle of humidity changes, from 82 percent to 23 percent by desorption and back lo 
the starting point by adsorption. 





sion and contraction of peer are accompanied by distortion in the 
form of waving and curling, and this distortion probably is never 
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completely “ironed out” when measuring on a flat surface. Better 
reproducibility in individual readings was obtained with the expan- 
sivity tester as shown by the average deviation of readings. 

The sensitivity of the method was found satisfactory. The scale 
divisions are comparatively large, and are easily read to the nearest 
half, which is 0.00025 in. The expansion measured is of the order 
of 0.065 percent which is 0.015 in. for a 23-in. sample. Hence when 
the readings are made to 0.00025 in. the precision is approximately 
1 part in 60. | 

One potential source of error in the expansivity determination is 
in the measurement of relative humidity. This is determined only 
to the nearest 0.5 percent; hence, if measurements are made at only 
two points, differing by 15 percent in relative humidity, an uncer- 
tainty of 1 part in 30 1s thereby introduced. If, however, measure- 
ments are made at several points, and a smooth curve is drawn and 
used as a basis for finding the hygrometric expansivity, the probable 
error from this source is greatly reduced. 


IV. MEASUREMENTS ON TYPICAL PAPERS 


Measurements were made on a series of lithographic papers, and 
curves plotted from the data on a typical paper are shown in figure 3. 
These curves show changes in length for cross and machine directions 
for the complete cycle of humidity changes from the starting point 
at 82 percent. They have the same general form as typical moisture 
regain curves for similar humidity cycles.‘ 

Curves for the data on four lithographic papers of different fiber 
composition are shown in figure 4. The hygrometric expansivity 
of these papers can be computed from their curve by dividing the 
change in length for a given humidity range by the testing length, 23 
in. The curves are approximately straight in the region of 40- to 
65-percent relative humidity, and it appears satisfactory to base the 
expansivity per unit of relative humidity change on that region of the 
curve. For example, in figure 4, curve A shows a linear change of 
0.0134 in., or 0.0134/23=0.058 percent, and C 0.0094 in. or 0.0094/23 
=0.041 percent between 65-percent and 50-percent relative humidity. 

For the various conditions of relative humidity at which the data 
given on the solutions and solid substances listed in table 
3 were used. 


TABLE 3.—Solutions used to control relative humidity 





Relative hu- 

— a yar nag _ 

responding | midity ob- 

Solution or solid substance to vapor | tained in the 
pressure of cabinet 

solution 





Percent Percent 

Potassium sulphate (saturated sol.)......................-...---------------- 95 82 to 83 
Barium chloride (saturated sol.) 88 76 to 78 
Sodium chloride (saturated sol.) 5. 66 to 71 
Sodium bromide (saturated sol.).............-.-.--.------------------------- f 56 to 59 


Sodium dichromate (saturated sol.) to & 
Fotaseium corenate — Sol.) .....-.----.---------------------------- 36 to 38 
agnesium ¢ le ; 
Calcium chloride (solid) he 











*BS J. Research 12, 53 (Jan. 1934) RP633. 





672. Journal of Research of the National Bureau of Standards vay 


It will be noted that the relative humidities obtained were not, in 
most instances, the conditions ascribed to the solution or chemical, 
This apparent inconsistency between the observed and the expected 
humidities is doubtless explained largely by temperature differences 
between that of the air in the cabinet and the temperature of the 
conditioning substance. Evaporation to obtain a high humidity 
cools the solution and condensation to dehumidify warms the solution, 
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Figure 4.—Exzpansivity curves for four typical offset papers; desorption curves. 


Differences as great as 3° C were noted in the operation. No attempt 
was made to exactly obtain any predetermined humidity, but simply 
to obtain a suitable range of humidities for plotting a curve and 
to exactly measure each condition. 

Although the data shown are for lithographic papers, a wide variety 
of types have been tested with equally good results, and the method 
is considered suitable for papers in general. 
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vy. SUGGESTED METHOD OF TEST FOR EXPANSIVITY OF 
OFFSET PAPERS 


1. APPARATUS 


The apparatus should consist of a cabinet of the design and approxi- 
mate size shown in figure 1. The pulley shaft should be free to turn 
in ball or other low-friction bearings, and the fan should provide an air 
flow around the specimen of not less than 500 feet per minute. The 
mirror should be so clamped to the shaft as to permit simple adjust- 
ment to obtain a zero setting when the specimen is mounted. The 
cable connecting the upper clamp and the weight should be very flex- 
ible to prevent slippage. If constructed of wood, the cabinet should 
be coated on the inside and outside with a moisture-resistant coating, 
metal-lined, or otherwise treated to minimize swelling.’ If con- 
structed of metal, it should be insulated. 


2. SPECIMEN 


The specimen should be cut 2 in. wide and approximately 25 in. 
long, with the long dimension parallel to the major direction for which 
data are desired. 

3. PROCEDURE 


The specimen is mounted in the cabinet under a tension of 50 g per 
inch of width, and conditioned first at a relative humidity of 50 percent 
or lower, then at 80 percent or above. When the length becomes con- 
stant at the high humidity, the zero setting is made by adjusting the 
position of the mirror. Data for an expansion curve as illustrated in 
figure 4 are then obtained by conditioning at two or more lower 
humidities in order of decreasing values, ranging down to 50 percent 
or below. Humidity determinations and scale readings are made for 
each condition and the changes of length are plotted against humidity 
as shown in figure 4. The expansivity value is taken from this curve. 
It is obtained by dividing the change in length between two convenient 
points on the regular part of the curve by the testing length of the 
specimen. Relative humidities of 50- and 65-percent are usually 
convenient points to use when expressing the hygrometric expansivity 
as a percentage change of length per 15 percent relative humidity 
change. Data on one specimen are sufficient for an ordinary test; 
however, in instances where smooth curves are not obtained, check 
tests should be made. 

The thermometers used for determining wet- and dry-bulb tempera- 
tures should conform to the following specifications: range, 0 to 50° 
C (32 to 122° F); graduation, 0.2° C (0.5° F). They should be 
matched to within 0.1° C (4° F) throughout the range used. Tem- 
peratures should be taken with the bulbs in the air stream where the 
velocity of air is not less than 10 feet per second. 

The temperature of the air surrounding the cabinet should not vary 
more than +5° F while a test is in progress. 


Wasurneron, October 1, 1937. 


‘A.J. Stamm. Arch. Record (Feb. 1937). 
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AN IMPROVED APPARATUS FOR MEASURING THE 
THERMAL TRANSMISSION OF TEXTILES 


By Richard S. Cleveland 





ABSTRACT 


An apparatus is described for measuring the thermal transmission of textiles. 
A horizontal plate is heated electrically and maintained at a constant temperature 
by means of & thermostat. The plate is surrounded by a guard plate which is also 
maintained at the same temperature to prevent lateral flow of heat into or out of 
the central plate. A second guard heater is placed below the central plate to pre- 
vent the downward flow of heat. The specimen to be tested is laid flat without 
tension on the apparatus and enclosed in a copper hood piaced several inches above 
it to eliminate the disturbing influence of air currents of the room. Since the 
thermostatic control results in an intermittent supply of heat to the central heater, 
an electric clock is added to the a thus automatically adding the periods 
during which heat is being supplied. he difference in temperature from the 
central plate to the top of the hood is measured by means of a thermocouple and 
microammeter. The amount of heat supplied to the central heater per unit of 
time divided by the difference in temperature from the central plate to the hood 
and by the area of the hot plate is taken as a measure of the thermal transmission 
of the specimen. 

The reproducibility of results, the influence of differences in temperature be- 
tween the central plate and the guard plates, and the influence of the height of the 
hood are discussed, and values of thermal transmission for typical fabrics are given. 
The regulation of temperatures is essentially automatic and little attention is re- 

uired from an operator except during the 15 minutes a test is actually in progress. 
The hot plates can be operated at any temperature desired. About seven tests 
can be made in an 8-hour day, allowing proper time for the attainment of a steady 
state. The results are usually reproducible to about 1 percent. 
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I. INTRODUCTION 


The apparatus used since 1924 in the Textile Section of the Nationa] 
Bureau of Standards for measuring thermal transmission of textiles jg 
an extension by Sale’! of a hot-plate method used by the National 
Bureau of Standards for measuring the thermal conductivity of in. 
sulating materials, employing the well-known guard-ring principle, 
With this type of apparatus, the rate of flow of heat is measured 
between two flat nhotal! plates which differ in temperature by a known 
amount and between which the specimen is held. Because this 
method does not simulate sufficiently well the conditions under which 
textile fabrics are used as thermal insulation, it was altered by Sale 
by laying the fabric over the hot plate and maintaining a constant 
temperature difference between this plate and the air above the fabric 
in an air-conditioned room. Heated guard plates were used, as in the 
previous apparatus, to prevent loss of heat from the central plate ip 
directions other than through the sample. 

Such an arrangement better simulates the conditions of use in 
which the heat is supplied by the human body on one side of the 
fabric and transferred to the air on the other side. It is not intended 
to imply, either for this apparatus or the new one about to be described, 
that the simulation is complete. The transfer of heat from the 
human body through one or more layers of material to the air and 
surroundings without, is a very complex process and cannot be ap- 
proximately duplicated by such a hot-plate apparatus except in the 
more simple cases. The methods described in this paper are con- 
cerned with one phase of the problem. 

The chief disadvantages of Sale’s apparatus are the great length of 
time required to adjust the electric circuits in the guard plates to 
attain temperature equilibrium, and the fact that no provision was 
made to prevent disturbances resulting from air movements in the 
room. ‘The testing of a single sample with this apparatus frequently 
takes a whole day. 

More recently Schiefer * developed an apparatus to make measure- 
ments similar to those of Sale. The hot plate is automatically main- 
tained at a constant temperature by a thermostat, and heat is sup- 
plied intermittently. After the apparatus has once attained a steady 
state, a number of samples can be tested in a comparatively short 
period, because the effect of the thermal lag of the apparatus itself is 
eliminated by keeping it at constant temperature. The time re- 
quired for a sensibly steady state to be reached in the sample itself is 
relatively short. When this condition is reached, the rate at which 
heat must be supplied to maintain a given difference in temperature 
from the hot plate to the air of the room is then measured over a 
period of half an hour. Guard heaters were not used, but the hot 
plate and heating element were placed in the mouth of a vacuum 
(Thermos) jar to prevent lateral and downward flow of heat. 

While the method is both rapid and convenient, it is not altogether 
satisfactory for materials having high insulating value, because of a cor- 
rection which must be applied for heat loss through the vacuum jar. 
This correction may be as much as 80 percent of the total heat input. 


1P. D. Sale. Specification for constructing and operating a heat transmission apparatus for testing the heat 
insulating value of blankets. Tech. Pap. BS 18, 595-607 (1924) T269. 

2 Apparatus for measuring the thermal transmission of teztiles. Tech. News Bul. NBS (Febru 1931); 
J. Research NBS 13, 322 (1934) RP711. A modified apparatus has been described by H. 8. Schenker, 
Melliand Textile Mo. 6, 115-117 (1933). 
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As has already been indicated, thermal conductivity alone is not a 
sufficient measure of the thermal transmission of fabrics. Although 
the flow of heat through a thick fabric may be largely by conduction,’ 
the rate at which heat is transferred from its surface depends also on 
the convection to the air overlying the fabric and on radiation to the 
solid surroundings. The new instrument to be described takes 
account of this by enclosing the fabric with a hood that absorbs the 
heat transferred through the fabric and dissipates it to the outer air. 
The hood encloses a definite layer of air that overlies the fabric and 
at the same time shuts out the disturbing air currents of the room. A 
measure is obtained of the thermal transmission from the hot plate to 
the hood, which is but a few degrees warmer than the room. 

The new instrument combines the automatic features and the short- 
test-period characteristic of Schiefer’s apparatus with the guard-ring 
principle used in other equipment. 


II. DESCRIPTION OF THE APPARATUS 


A cross sectional drawing of the apparatus is shown in figure 1. 
The central plate P,, which is a hollow copper plate 6 in. square, is 
heated electrically by the resistance ribbon Hz. The cavity C, is 
filled with methyl alcohol and connected by a tube, 7’, and sleeve, Re, 
to a glass U-tube containing mercury and alcohol. A rubber sleeve 
extracted with methyl alcohol has been found satisfactory for making 
the connection. As the plate becomes heated, the methyl alcohol 
expands into the U-tube, causing the mercury to rise in the capillary, 
0, and make contact with the wire, W. This closes the coil circuit of a 
relay which then cuts off the heating current. Conversely, when the 
plate cools, the current is automatically turned on again. In this 
manner, the plate is regulated to a surface temperature constant with- 
in about 0.02° C. This fluctuation was made small by using a rela- 
tively large amount of a highly expansible medium, methy| alcohol, a 
va | capillary, and numerous heat-conducting bridges across the 
cavity in the copper plate to facilitate the passage of heat from its 
under to its upper surface and thus speed transfer of heat to the 
expansible medium. 

The central plate is surrounded by a hollow copper guard plate, 
Pg, 2in. wide, equipped with a similar thermostat which also holds the 
temperature constant within about 0.02° C. 

Both hot plates were painted with a flat black lacquer to give them 
a high emissivity comparable to that of the human body. 

The bulb, a, of the U-tube is a reservoir for both alcohol and mercury 
of such size that the mercury will not enter the copper plate when at 
its lowest temperature and the alcohol will not be driven into the cap- 
illary when it is at its highest temperature. The bulb, b, is of such 
size that the lowest temperature to which the plate is subjected will 
not cause the mercury in the bulb to be thew sufficiently to permit 
air to be drawn into the plate. 

These U-tubes were designed for a wide range of operating tem- 
peratures. The desired temperature is attained in two steps. The 
stopcock, Sc, is opened, permitting the mercury to pass into reservoir 
R until the plate has reached the approximate temperature desired. 
The stopcock is then closed so that further expansion of the methyl 
alcohol causes the mercury to rise rapidly in the capillary and make 


SL 
*J.L. Finck. Mechanism of heat flow in fibrous materials. BS J. Research 5, 973-084 (1930) RP 243. 
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contact with the wire, W. Very fine adjustments of temperature can 
then be made by raising or lowering the wire in the capillary. By this 
means the temperature of the two plates can be regulated to within 
° © of each other.’ 
The two hot plates are wink te by the Bakelite frame, Br. 
Below the frame are six layers of aluminum foil, Ar, spaced about ¥ 
in. apart by small wood spacers, Ws, and a Xe-in. copper plate, Pi. 
Aluminum-foil insulation was used because its very low heat capacity 
would aid in the rapid establishment of a steady state. A lower heater, 
H,, just beneath the copper plate, is wound on a }--in. sheet of 
Bakelite, Bs, and electrically insulated from the copper plate by a 
thin sheet of mica, M@. The whole unit is then mounted in a wooden 
box and secured by the set screws, S, at each side. 

The lower heater is mens manually to within 0.1° C of the 
temperature of the central hot plate. iJ 

The apparatus was designed to operate in a horizontal position to 
facilitate mounting the sample. he specimen to be tested is cut 
13 in. square and placed over the entire surface of the hot plates and 
the edges of the box in a flat, unstretched condition. Its thermal 
properties are thus not changed by stretching or compressing. 
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Figure 2.—Heating, regulating, and timing circuits. 





A copper hood is placed over the fabric to prevent air currents of 
the room from affecting the results. It is painted inside and out with 
a flat black lacquer to aid in the absorption of heat and its subsequent 
reradiation to the external surroundings. 

With a guard plate to prevent lateral flow of heat and the lower heater 
to prevent its downward flow, heat ene supplied to the central 
plate must pass vertically upward iirianh the specimen placed upon it. 

Figure 2 is a wiring diagram of the heating and regulating circuits. 
Current from a 110-volt d-c. source passes through a ballast tube, BT, 
across which the drop in voltage is regulated by the resistance, R21, to 
50 volts and which, therefore, delivers a virtually constant current. 
The circuit then divides into three paths, the first through the central 
heater, H,; the second through the resistance, R2, which is equal to 

‘ These plates were made as thin as icable (742 in.) in order to reduce the area of their edges. The 
heat conducted and radiated across the pin. sire between them is proportional to the area of their edges. 


To reduce this area permits more latitude in the allowable difference in temperature between the two plates. 
‘ This tube delivers a nearly constant current through a range in voltage of 40 to 60 volts. 
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H,; and the third, through the resistance, R3. Relay 1 (Rel) is, 
double-pole relay which simultaneously closes the heater circuit, H,, 
and opens the circuit, R2, thus aiding the operation of the ballast tubg 
by keeping the equivalent resistance of the parallel circuit unchanged, 
R3 is set to divide the current so that the desired portion flows through 
the heater and the remainder by-passes through #3. Initial heating 
can be greatly accelerated by opening the switch, Sw, so that a much 
larger current passes through the heater. 

The coil of a telegraphic relay (Re2) is connected across the heater 
so that when current ine in the heater, the relay closes the circuit 
of a self-starting electric clock, C. Thus the time intervals duri 
which the current flows through the heater are automatically added 
by the clock. 

H, is the guard-plate heater and R4 is a variable resistance. This 
circuit is opened and closed by the relay, Re3. Hy, is the lower heater 
and Ré is a variable resistance to control the current through the heater, 

T1 and T2 are mercurial thermostats of the type illustrated in 
figure 1 in the coil circuits of the relays and the two PD’s are potential 
dividers providing emf’s for the coil circuit. 
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FicurE 3.—System of thermocoupl+s used in measuring temperature. 


f couple from central plate to —y plate. 
, couple from central plate to hood. 
t, couple from central plate to lower copper plate. 
Cu, no. 30 copper wire. 
Kn, no. 28 constantan wire. 
S, selecting switch. 
Spr, reversing switch. 


The system of copper-constantan thermocouples used to measure 
temperature differences is shown schematically in figure 3. Number 
30 copper and no. 28 constantan (B. & S. gage) wire were used. The 
switch, S, puts the desired couple in series with the microammeter, 
MA, and the reversing switch, Sp, gives the current the proper direc- 
tion. The temperature-emf relation was known for the particular 
wires used and the microampere-emf relation was found experimen- 
tally with a potentiometer and the microammeter, MA. The two 
relationships were then combined in a chart to give directly the 
temperature difference corresponding to any given microammeter 
reading for each couple. 

The chart giving the temperature-microampere relations was com- 
puted for a cold-junction temperature of 25° C. The temperature 
of the cold junction is indicated by a thermometer placed in a shallow 
thermometer well in the top of the hood. For a temperature difference 
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of 15 to 25° C, the cold junction may depart from 25° C by +4° C 
without introducing over 1 percent error in the indicated temperature 
difference. ‘This is as great a range in the cold-junction temperature 
as would normally be experienced with this equipment. If greater 
precision is desired, a table of corrections may be computed and 
applied to the indicated temperature difference. 

Four couples, g, (only two are shown in fig. 3) are in parallel, each 
with one junction on the inner vertical edge of the guard plate and 
the other on the edge of the central plate so that the combination 
gives the average difference in temperature between the two plates 
at their four edges. The couples, A and lJ, give the difference in 
temperature between the central plate and the hood, and that between 
the central plate and the copper plate beneath the foil insulation. 


III. QUANTITIES TO BE MEASURED 


The average quantity of heat supplied to the central plate per 
second, divided by the temperature difference between the plate 
and the hood and by the area of the plate, is the quantity that is 
determined. This quantity is that hereafter called the ‘thermal 
transmission’’ of the fabric and it is expressed as follows: 


I?Rt 


Q= Fs THA Gee xm? X °C) 


where 

J=current in amperes in the central heater, 

R=resistance in ohms of the central heater=4.70 ohms, 

t=total time in seconds that the current, J, flows during a test, 

T=total time in seconds of the duration of a test, 

=difference in temperature in degrees centigrade between the 
central hot plate and the top of the copper hood, 

A=area in square meters of the hot plate, plus one-half of the 
area of the air gap separating the central and guard 
plates=0.0232 m?, and 

4.18=number of joules in 1 calorie. 


The ammeter, A, gives the value of J; the value of R is measured 
with a bridge prior to assembling the apparatus; ¢ is found by sub- 
tracting the initial reading of the electric clock from the final reading; 
T is measured with a stop watch from a moment when the current 
turns on to another moment about 15 minutes later when the current 
again turns on; and @ is measured with the thermocouple, h. The 
readings of the microammeter for couples g and / are observed occasion- 
ally to ascertain the departure from zero during test. 


IV. PERFORMANCE TESTS 


1, EFFECT OF TIME BEFORE TESTING 


After about 10 minutes of initial heating the relays start operating. 
The value of Q does not become constant at once, but in 3 hours it 
comes to within 0.5 to 2 percent of its final value. Furthermore, 
when one sample is removed and another of widely different insulating 
value is mounted in its place, Q becomes virtually constant in half 
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an hour. Therefore, before making a test, 3 hours was allowed t 
pass after starting the apparatus and % hour to pass after mountj 

a new specimen. This permits the making of about seven tests jp 
an 8-hour day. 







2. EFFECT OF A DIFFERENCE IN TEMPERATURE BETWEEN THE 
CENTRAL AND GUARD-RING PLATES 












Tests were made with the central and guard plates at different tem. 
peratures in order to determine what error might arise in Q from this 
source. The solid lines of figure 4 show the amount of uncertainty 
introduced into the value of @ by operating the two plates at slightly 
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Figure 4.—Relationship between Q and the temperature difference between the 
central and guard plates and between the central and lower copper plate. 





oe — lines show the effect of maintaining the central hot plate and the guard plate at unequal 
m ures. 
The dotted line shows the effect of maintaining the central hot plate and the lower copper plate at unequal 


Copereiares. 
The abscissa is the number of degrees centigrade that the central hot plate is above the guard ring or the 
lower copper plate. 


different temperatures. The curves show the behavior for three 
fabrics of different insulating value. These curves indicate that the 
change in Q is not more than 0.13 cal/(sec Xm? °C) for a 1° difference 
in temperature between the plates and is also virtually independent 
of the magnitude of Q. The difference in temperature is controlled to 
about 0.025° C. The error due to a lack of balance of 0.025° C is 
seldom greater than 0.5 percent. 








3. EFFECT OF A DIFFERENCE IN TEMPERATURE BETWEEN THE 
CENTRAL PLATE AND THE LOWER HEATER 





Tests were made with the central plate and the copper plate of the 
lower heater at different temperatures to determine what error might 
arise in the value of Q from this source. The dotted line in figure 4 
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shows Q as a function of the difference in temperature between these 
two plates. The value of Q was found to change by 0.003 cal/- 
(sec Xm? X °C) for a 1° difference in temperature over the range +5° C 
difference in temperature. No points fell within the range shown in 
figure 4. The difference in temperature is controlled to within 0.1° C 
and the error arising from a lack of balance of 0.1° C is negligible. 


4. EFFECT OF CHANGING THE DIFFERENCE IN TEMPERATURE 
BETWEEN THE CENTRAL PLATE AND THE HOOD 


The relationship between » ea the difference in temperature be- 
tween the central plate and the hood is shown in figure 5 for several 
specimens that differ in in- 

















sulating value. It is im- PT en Vie YT rT 
portant to emphasize at (20 al 
this point that Q has been hee al 
defined as the ratio of J? R WS = ‘a 
t/4.18 T, which we will | — — 
call H,to@ A. Thearea, S -+ ~ 
A, is a constant of the ap- ¢ LSE y; 
paratus, so that Q is pro- we OF a 
portional to the ratio H/o. Q a 
It is seen in figure 5 that Pee: | 
H/@ increases as the differ- < Sian cd 
ence in temperature in- V jo) Bo 
creases, and also atarate ® “|_ " 
that increases with the < ” 
thermal transmission. z a ~ 
This ro wgpome yee “a a < 
primarily to the effect o i” 56 
radiation. Pos - 
Convection in the air g ~ 
space between the fabric ¥ 4 
and the hood is also a fac- 7 = 
tor, although probably less 7 4 
important than radiation, oLVtLttt tis itty it} 
in making the relation 5 10 iS 20 
between heat loss and TEMP DIFFERENCE —DEG C 
temperature difference Ficure 5.—Relationship between Q and difference 
nonlinear. tn temperature from the central hot plate to the 


. . hood for (1) no specimen on the hot plate; (2) a 
: It = puenle that if  sobria of low inmulating values (3) 6 fabric of 
ot plates o erentareas medium insulating value; and (4) a fabric of 
were used, the relation be- _— high insulating value. 


tween heat loss and area 

would also be nonlinear owing to the varying degree to which convec- 
tion would’ be involved. However, this could not be tested with a 
single apparatus. 

Since @ for any specimen is not constant for various differences in 
temperature between the hot plate and the hood, it might appear 
improper to divide by @ and A in expressing thermal transmission. 
This procedure is justified, Seven, bir the fact that it reduces to 
an approximately common basis the results obtained with different 
areas and temperature differences. 

_ The temperature difference and area used should be stated when 
giving results. 
25415376 
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5. EFFECT OF DISTANCE FROM CENTRAL PLATE TO HOOD 






Table 1 gives Q for several fabrics determined with hoods 4 in. and 
8 in. in height. There is no consistent difference between the two sets 
of results and they differ only by a few percent. The 4-in. hood 
was used in all other tests. 






TaBLeE 1.—Values of Q for several typical fabrics. 















































Qe 
4-in. hood 

no. with 

8-in. hood 4-in, 

Ist test 2d test hood 

J > Per. 

cal/(seeXm*X°C) | cal/(seeXxm*X°C) | cal/(secXm?X°C) | cent 
een ee 1 0. 628 0. 628 0. 620 0.0 
| OP A RA PASTE 2 . 628 . 616 . 620 19 
96in. aipecs Wilecs:.....--.....-..-- 1 . 753 Sf Smee hk 17 
ORR en 2 . 732 (708)... Wf De 11 
CI Sittin cake ccchsccnccus 1 1.12 1.12 1.14 0.8 
| SERS Te 2 1,12 1, 09 1,12 27 
po a pee 1. 52 1.52 1. 53 0.6 
Tr Hhup jemeeRRRE 2 2 1. 54 BUG JR ecncutesacasiceen 
pe eens ag IS EE Ren 1, 52 1, 51 1. 57 7 
OO EES eens See 1, 63 ee ee 6 
a Se 1, 66 1. 69 1.72 1.8 
Athletic shirt jersey - - ---- os 5 1, 22 1, 21 1, 22 08 
LY Se eee eee 1, 69 LUE: . lnnnh seinem aie 6 
| a a See 1.74 1.73 1,78 6 
| at eS Sei 1,71 1.71 1, 74 0 
FE U0) eee eee 1. 68 1.70 1. 68 12 
Bare plate (flat black lacquer)_-..._|.....- 2.17 2. Fi hib--coasenceeese 0.0 
OO en ELON Mae Meee ese 8599 TOE Se F Paw GE ee 0.9 




















« AJ] values of Qin this table are for 17° C difference in temperature between the central hot plate and i 
the hood and for an area of 0.0232 m*. foes 
* The difference between the two determinations for the same sample is expressed as a percentage of the 


average value. 


6. REPRODUCIBILITY IN THE MEASUREMENT OF THERMAL 
TRANSMISSION 


The thermal transmission, Q, is given in table 1 for several typical 
fabrics. Duplicate tests for each specimen and tests of duplicate 
specimens for four of the fabrics are reported. On the average, Q 
was reproduced within 1 percent and in the worst example within 
2.7 percent. The maximum difference in Q for two specimens of the 
same material is 3 percent. 

The thermal transmission ranges approximately from 2.17 
cal/(secXm?X°C) for the bare plate to 0.62 cal/(sec xm? °C) for 
the %-in. alpaca pile fabric and is reproduced within +0.015 
cal/(sec Xm? °C) of the mean value for any sample. The apparatus 
is therefore sufficiently sensitive to measure relatively small differ- 
ences in the thermal transmission of materials. It is particularly 
well adapted for routine testing and for research work involving sys- 
tematic studies of thermal transmission as affected by such factors 
as construction, laundering, finishing treatments, and combinations 
of different materials. 


WasuineTon, October 1, 1937. 
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EFFECT OF YAW ON VANE ANEMOMETERS 
By Roy H. Heald and Paul S. Ballif 





ABSTRACT 


The effect of yaw on the performance of three vane-type anemometers was 
determined in the wind tunnel. Observations were made for angles of yaw within 
a range of 35 degrees on either side of the zero position. aximum positive 
errors of 1, 4, and 5.5 percent were found for the three instruments when the angle 
of yaw was approximately 15 degrees. The magnitude of the error depends on 
the design. 
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I. INTRODUCTION 


The customary practice in using & vane anemometer is to mount the 
instrument so that the axis of rotation of the vane wheel is parallel to 
the axis of the fan or duct for which measurements are to be made. 
Usually no attempt is made to determine whether or not the air flow 
is parallel to the duct or fan axis, it being assumed that no appreciable 
error is introduced on this account. Ower ' states, for a particular 
instrument, that the directional effects due to yaw may introduce 
errors of the order of 1 percent for angles of inclination less than about 
20 degrees, but points out the uncertainties involved in drawing 
conclusions from the performance of a single instrument. Differences 
in design of anemometers constructed by different manufacturers are 
often encountered in practice. Hence differences in response to 
directional effects are to be expected, especially when the direction of 
air flow makes a large angle with the reference axis. 

Recently, in determining the air deliveries of electric fans, the 
direction of air flow was found to be inclined 20 degrees or more to 
any plane containing the fan axis. In such cases, accurate results 
can be obtained with an anemometer mounted with its axis parallel 
to the fan axis only if the correction factor for airstream inclination is 
known and applied. For this reason an investigation was undertaken 


'E. Ower. Measurement of Air Flow, 2d ed., p. 119, (Chapman and Hall, London, 1933.) 
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to determine the effect of airstream inclination, in yaw,’ on the per. 
formance of the three vane anemometers used in the fan tests. The 
information may be of interest to other investigators who haye 
<r to use vane anemometers under unfavorable conditions of 
air flow. 







II. DESCRIPTION OF THE ANEMOMETERS 


The anemometers used in these experiments are shown in the 
halftone figure 1, and in the detail drawings, figure 2. The length/ 
diameter ratios of the cylindrical housings are 0.43 for anemometer 
A; 0.32 for anemometer B ;and 0.59 for anemometer C. Anemometers 
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Figure 2.—Line drawings of the anemometers. 
The dimensions are given as decimals of the inside diameter of the housing. 


A and B are dial indicating. Anemometer C transmits signals 
electrically. 

The plane of rotation of the upstream tips of the rotor vanes is 0.11 
diameter within the housing for anemometer A; 0.10 diameter for 
anemometer B; and 0.14 diameter for anemometer C, the inside 
diameter of each housing being used as a reference. The rotor vanes 
have plane surfaces. 

? The yaw angle is defined as the angle in a horizontal plane between the axis of the instrument and the 


direction of air flow. Since the anemometer is nearly a symmetrical instrument the effects of pitch, i.¢.,0! 
inclination in a plane normal to the yaw plane, are not expected to differ greatly from the effects of yaw. 
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Three vane-type anemometers (A, B, and C) used in the experiments. 
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FIGURE 3.—Anemometer support. 
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III. METHOD OF TEST 


The anemometers were tested in the 54-inch wind tunnel of the 
National Bureau of Standards. The instrument under test was 
attached to a cylindrical mounting rod % inch in diameter and 3 feet 
long. The mounting rod was clamped to a faired strut (fig. 3) fixed 
to the tunnel walls. The effect of the presence of the strut and 
clamping device was determined for each anemometer by observing 
the indicated velocity when the instrument was mounted various 
distances ahead of the strut. As may be seen in figure 4, the effect 
of the strut and clamp was found to be small for positions more than 
6 inches ahead of the strut. 
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Ficure 4.—Effect of support interference on the velocity indications for zero yaw. 


Vin=indicated velocity at point 12 inches ahead of the strut. 
V, =indicated velocity at point z inches ahead of the strut. 


The method of mounting the anemometers, illustrated in figure 3, 
permitted yawing of the mounting rod through an angle of about 
45 degrees on either side of the center position. Yaw settings were 
read on a graduated scale mounted on the clamp. The mounting 
screw in the base of the anemometer was maintained at a point 12 
inches ahead of the strut and midway between opposite walls of the 
wind tunnel for all angle settings by adjusting the clamp and mount- 
ing rod. Thus the effect of the small velocity gradient in the wind 
tunnel was eliminated. 

The velocity indicated by each anemometer was observed for angles 
of yaw in intervals of 5 degrees through a range of —35 to +35 
egrees. At least two observations of indicated velocity were made 
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for each yaw setting and for each of two air velocities, approximately 
800 feet per minute and approximately 1,500 feet per minute. The 
constancy of the air velocity through the tunnel during the tests was 
of the order of 1 percent. The time interval for each observation 


was about 2 minutes. 
IV. RESULTS 


The ratio of the true air velocity in the wind tunnel to the velocity 
indicated by the anemometer was computed for each observation, 
The results for anemometer B are plotted in figure 5. The curyes 
are similar to those obtained for instruments A and C. The difference 
in the value of the ratio, true velocity/indicated velocity, for air 
velocities of 800 feet per minute and 1,500 feet per minute is char. 
acteristic of the three anemometers tested and results from the non. 
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Fiaure 5.—Values of true velocity/indicated —— for positive and negative angles 
of yaw, anemometer B. 


linear relationship between the friction of the bearings and indicating- 
mechanism load and the torque applied to the vanes by the air stream. 
Ordinarily, corrections for this difference are made by using the 
calibration curve for the instrument. 

The ratio of the indicated velocity Vp for zero yaw, to the indicated 
velocity V, for angle of yaw ©, was computed for each observation. 
The curves in figure 6 show the mean values of Vo/Vs, all of the 
observations obtained for a given angle of yaw for each instrument 
being used. In general, the indicated velocity increased as the angle 
of yaw was increased, reaching a maximum when the angle of yaw 
was about 15 degrees. Further increase in the angle of yaw resulted 
in a decrease in indicated velocity. The indicated velocity for 16 
degrees of yaw, for anemometers A, B, and C, was about 5.5, 4, and 
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1 percent, sen a 4 greater than the indicated velocity at zero 
yaw; for approximately 30, 27, and 18 degrees of yaw, respectively, 
the indicated velocity was the same as for zero yaw and for greater 
angles of yaw the indicated velocity was less than for zero yaw. 

It will be noted from figures 1 and 2 that anemometer A which 
showed ® Maximum positive error of 5.5 percent, is substantially 
diferent in design from anemometer C, which showed a maximum 
ositive error of about 1 percent. For example, there is a decided 
difference in the shape of the vanes. Also, the dial of anemometer A 
exerts a blocking effect over about 25 percent of the area of the hous- 
ing, while the housing of anemometer C is comparatively free from 
obstruction. Further, the length/diameter ratios of the housings are 
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Ficure 6.—Effect of angle of yaw on the velocity indications. 
The curves give mean values of Vo/ Ve. 


different. Other dissimilarities are to be found, such as differences in 
wall thickness and external fittings. 

A few experiments were made wherein the length/diameter ratio 
of anemometer A was increased about one-third by adding a cylin- 
drical extension to the housing. The results showed a decrease of a 
small amount in the directional error. Hence it appears that the 
magnitude of the error due to inclination of the airstream depends on 
the design of the anemometer, and it is not possible to ascribe the 
differences in directional sensitivity of the instruments used to any 
one design characteristic. 

The use of the curves in figure 6 is shown by the following example. 
Suppose the reading of anemometer A, corrected for the calibration 
error at zero yaw, to be 1,240 feet per minute. Also suppose the 
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direction of air flow with respect to the anemometer axis to be 2 
degrees. This angle corresponds to the angle © and usually may hg 
determined with sufficient accuracy by means of a light thread and, 
protractor. Referring to figure 6, the correction factor for ano. 
mometer A when @ is 20 degrees is 0.949. Hence the true velocity, ip 
a direction making an angle of 20 degrees with the anemometer axis 
is 1,240 X 0.949=1,176 feet per minute. 

In most cases it is desired to know the component of the airstream 
velocity parallel to the axis of the fan or duct. This component js 
determined by resolving the true velocity, obtained as above, in the 
direction of the anemometer axis. In the example the value is 1,176y 
cos 20°=1,105 feet per minute. It will be noted that the component 
of airstream velocity parallel to the axis of the fan is 10.8 percent less 
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Ficure 7.—Correction curves for the anemometers to facilitate computation of the 
axial component of the velocity. 


than the velocity indicated by the anemometer. To facilitate com- 
utation in similar cases, the ordinates of the curves in figure 6 may 
e multiplied by cosine © and be plotted as shown in figure 7. 


V. CONCLUSIONS 


The effect of airstream inclination on the performance of three vane 
anemometers was determined in the wind tunnel. The results show | 
the presence of substantial directional errors within the 0- to 3é- 
degree range of yaw angles. A maximum directional error of about 
5.5 percent occurred when one of the instruments was displaced 
about 15 degrees from alignment with the air stream of the wind 
tunnel. An error of about 1 percent was observed when an ane 
mometer of substantially the same diameter but of different wy 
was displaced the same amount. The experiments indicate that 
magnitude of the error due to inclination of the air stream depends 
on the design of the anemometer. 


Wasuineton, September 25, 1937. 
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USE OF ARSENIOUS OXIDE IN THE STANDARDIZATION 
OF SOLUTIONS OF POTASSIUM PERMANGANATE 


By Harry A. Bright 





ABSTRACT 


Values obtained in the standardization of 0.1 N potassium permanganate 
solutions by National Bureau of Standards’ standard sample of arsenious oxide 
83, using potassium iodide or potassium iodate as a catalyst (Lang’s procedure), 
have been compared to those obtained with sodium oxalate by the method of 
Fowler and Bright. The normalities found agreed to within 1 part in 3,000 
which demonstrates the suitability of arsenious oxide as a direct primary standard 
in permanganimetry. 
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I. INTRODUCTION 


It is well known that the direct titration of trivalent arsenic with 
permanganate in dilute acid solutions is unsatisfactory, because the 
reaction does not proceed according to stoichiometric relations. 
R. Lang [3] has stated that a very small amount of potassium iodate 
or iodide acts as a catalyst to complete the reduction of manganese 
to the divalent state. 

His data show satisfactory precision, and he apparently checked 
the accuracy of the procedure by means of iodine (through perman- 
anate-iodide and thiosulphate), though this is not stated clearly, 

olthoff, Laitinen, and Lingane [2] compared the normality of 0.5 
N potassium permanganate determined by Lang’s procedure with 
that found by direct potentiometric titration of potassium iodide 
with permanganate in very dilute acid solution. The factors obtained 
by the two methods agreed within 0.03 percent. Recently the author 
has made a careful comparison of Lang’s procedure with the sodium 
oxalate procedure of Fowler and Bright [1] to determine whether the 
former is sufficiently accurate to permit the use of the National 
Bureau of Standards’ standard sample 83 of arsenious oxide (now 
issued as an iodimetric standard) as a fundamental standard in 
permanganimetry. 


‘Numbers in brackets refer to the literature references at the end of this paper. 
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The experimental details, in brief, were as follows: Weight by. 
ettes were used, and all weights were corrected to the vacuum standard, 
National Bureau of Standards’ sodium oxalate sample 40c (purity 


taken as 99.95 percent) and arsenious oxide sample 83 (purity take, 


as 99.98 percent) were used. Both of these materials were dried fo 
1 hour at 105° C immediately before use. In the potentiometri, 
titration the usual bright platinum-calomel electrode arrangemep; 


was used. Standardization with sodium oxalate was done as des. f 


cribed by Fowler and Bright. With arsenious oxide Lang’s procedure, 


as described in the next section, was used except that 0.3- to 0.69 


samples were taken. 


II. PROCEDURE FOR STANDARDIZING 0.1 N POTASSIUy 
PERMANGANATE WITH ARSENIOUS OXIDE 


Accurately weigh approximately 0.25 g of the dried oxide and 
transfer to a 400-ml beaker. Add 10 ml of a cool 20-percent solution 
of sodium hydroxide, free from oxidizing or reducing substances. Let 
stand for 8 to 10 minutes, stirring occasionally. When solution jg 
complete, add 100 ml of water, 10 ml of hydrochloric acid (sp gr 
1.18) and 1 drop of 0.0025 M potassium iodate or potassium iodide, 
The titration can be followed potentiometrically or visually. 


1. POTENTIOMETRICALLY 


Titrate with the permanganate solution to the maximum value of 
the ratio (AE’AV), change in potential per unit volume of solution 
added. Add the last 1 to 1.5 ml dropwise, allowing equilibrium to be 
reached before the AE reading is taken. In the potentiometric titra 
tion the blank is negligible provided the reagents are free from 
interfering substances. 

2. VISUALLY 


Titrate with the permanganate solution until a faint-pink color 
persists for 30 seconds. Add the last 1 to 1.5 ml dropwise, allowing 
each drop to become decolorized before the next is introduced. Deter- 
mine the volume of permanganate required to duplicate the pink 
color of the end point. This is done by adding permanganate toa 
solution containing the same amounts of alkali, acid, and catalyst as 
were used in the test. The corrections should not amount to much 
more than 0.03 ml. The end point can also be taken with ferrous 
phenanthroline indicator. In this case, 1 drop of a 0.025 M solution 
of the indicator is added as the end point is approached.  Perman- 
ganate is then slowly added until the pink color of the indicator 
changes to a very faint blue. The blank correction should average 
about 0.02 ml. 

The normalities indicated for two approximately 0.1 N solutions 
of potassium permanganate are shown in table 1. The data show that 
the recommended procedures yield results of a very satisfactory order 
of precision and that standardizations of permanganate solutions 
by the use of the National Bureau of Standards’ standard samples of 
sodium oxalate 40c and arsenious oxide 83 should agree within 1 part 
in 3,000. 
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TABLE 1.—Comparison of the normality of approximately 0.1 N KMn0O,, as indi- 
bur. cated by titration of As,O; and Na,C,0, 
ard, 
rity Difference 
4 Number of} Average : 
ken oa determina-| deviation nates Catalyst 
for as tions | from mean} “\oj.2 
‘tric F 
lent © Series 1. Normality by NasC204=0.10015 ® 
des. F 
ure, & Percent Percent 
6 3 0. 10016 3 0. 022 0. 01 KI0Os 
Og & », 10018 3 . 029 . 03 KIO; 
- 10019 2 - 002 . 04 © KIO; 
. 10019 3 . 028 . 04 KI 
UM 
Series 2. Normality by NazC:0s=0.10391 ® 
0. 10387 ) ee Someones eee 0. 04 4 KIO; 
and & 10388 ae Ste: .08 4 KI 
‘ion - 10390 4 . 015 .O1 KIO; 
. 10389 2 . 015 .02 KI 
Let 
1 1s * Normality as indicated by Fowler and Bright’s method. In the first series the value is the average 
T of 8 determinations (average deviation=0.014 percent), and in the second, theaverage of 7 determina- 
oF tions (average deviation=0.010 percent). 
de, + 0,6000 g of arsenious oxide used, all others 0.3000 g. 
¢KMn0, added slowly, about 7 ml per minute. 
4 End point with orthophenanthroline. 
III. REFERENCES 
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Ne | [3] Lang, Z. anal. Chem. 152, 197 (1926). 
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SOIL-CORROSION STUDIES, 1934. BITUMINOUS COATINGS 
FOR UNDERGROUND SERVICE 


By Kirk H. Logan 





ABSTRACT 


This paper summarizes the results of the studies of bituminous coatings for 
ipe lines, which were conducted under the auspices of the National Bureau of 
Btandards between 1922 and 1935. Most of the fundamental data in the paper 
have been published. The paper attempts to interpret those data. Nine types 
of protective coatings, most of which have been represented by several varieties 
of coatings, are considered, and the characteristics of each type are discussed. 
The data indicate that the same degree of protection for a pipe line can be secured 
in a number of ways. The data show only two outstanding coatings. Neither 
of these was perfect and neither is in general use. Most coatings, though im- 
perfect, afford sufficient protection to justify their application to pipe lines ex- 
posed to corrosive soil. Other important conclusions reached by the author are 
given in the summary at the close of the paper. 
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I. ORIGIN AND SCOPE OF THE INVESTIGATION 


As a part of its soil-corrosion investigation, the National Bureau of 
Standards buried four widely different types of bituminous coatings 
in 30 soils in 1922. These coatings, together with other types buried 
in 1924 and 1926, are described in detail in the first report on the 
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soil-corrosion investigation. That paper also describes the soils tp 
which the coatings were exposed and gives some of the early results 
of the tests. These results are still of some interest because sever] 
of the coatings failed within the short period of exposure covered by 
the report. 

The results of the earlier investigations and the corrosion experience 
of pipe-line operators led to the appointment in 1928, by the American 
Petroleum Institute, of G, N, Scott as a Research Associate to study 
the problem of pipe-line protection for oil lines. The American Gas 
Association in 1929 appointed S. P. Ewing to cooperate in the study 
of pipe coatings and corrosion. 

Although the work of these men was an integral part of the Bureau's 
soil-corrosion investigation, the results of their investigations haye 
appeared in the publications * * of the associations named above. 

These reports contain practically all of the primary data resulting 
from the examinations of coatings in the field. Since they were 
prepared as progress reports, the discussions of the data were brief 
and, as a result, many pipe-line operators have not derived the benefit 
from these reports that might be obtained through an intensive study 
of the data presented. The field work on protective coatings has been 
supplemented by the determination of some of the physical properties 
of the coating materials and by other laboratory tests. The results 
of most of this work have not iene published. 

Since all experimental work on bituminous pipe coatings has now 
been suspended, it seems desirable that the net results of all of the 
investigations should be assembled. This necessitates the reproduc- 
tion of some data already published, but this duplication wil! be 
limited as much as is consistent with the production of an under. 
standable summary. 

The purpose of protecting a pipe line is to reduce the total annual 
charges on the line. Since a discussion of economics is beyond the 
scope of this paper no attempt will be made to show whether or not ' 
a protective coating for any line is desirable. Before this economic 

roblem can be solved the effectiveness of the protective coating must 

e known. This is the subject of this paper. It will be shown that 
the effectiveness of a coating depends to a large extent on the soil 
conditions to which it is subjected. The paper must therefore discuss 
soil characteristics and correlate them insofar as is possible with the 
behavior of pipe coatings. 

In all of the tests conducted by the National Bureau of Standards the 
coatings have been applied by or under the direction of the manv- 
facturer of the coating. Although several manufacturers cooperated 
both in the tests sponsored by the AGA and those of the API, no 
coatings in the two tests are identical in all particulars. Nor are 
any of the soils in the two tests identical. In the AGA and the API 
tests of coatings applied to short lengths of pipe, only one sample of 
each material was removed from each site at a given inspection. 


1K. H. Logan, 8. P. Ewing, and C. D. Yeomans, Bureau of Standards soil-corrosion studies; 1. Soils, ma- 

terials, and results of early observations. Tech. Pap. BS 22, 447 (1928) T'368, 50c. 

ames on API pipe-coating tests. Proc. Am. Petroleum Inst., pt. IV of volumes 11 to 15, incl. 
3. P. Evins. AGA studies of coatings for pipe lines. Proc, Am. Gas Assn., p. 774 (1931); p. 741 (1988); 

D. ° 
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II. COATINGS TESTED 


The most commonly used pipe coatings are made from bituminous 
materials. These materials have two | pose sources—coal-tar pitch 
and petroleum asphalt. In the second group have been included for 
convenience greases having petroleum as a base. As to structure, 
the bituminous costings may be classified as dips and cutbacks, the 
latter class covering of the very thin coatings except greases, 
unreinforced coatings, enamels, and fabric reinforced or shielded 
materials. In each class are several materials which differ rather 
widely in physical properties and behavior. 

The coatings in the National Bureau of Standards’ tests were 
described in Technologic Paper 368,‘ and those in the AGA tests in the 
1931 proceedings of the AGA.’ Scott *® has described the structure 
of the coatings in the API test but has given no results of laboratory 
tests similar to those in the other sets of coatings. On this account, 
tests of the physical characteristics of many of the materials in the 
API tests were made by H. S. Christopher. His results are summa- 
rized in table 1. The laboratory tests which were applied to the 
coating materials were not designed to determine the effectiveness 
of protective coatings, and they are not altogether satisfactory for 
identifying the materials. 


TaBLe 1.—Characteristics of bituminous coating materials in the API tests 


[Determinations by H. S. Christopher] 
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5 seconds 
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Specific gravity 
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Insoluble in C83 
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* Temperature of test 77° F instead of 115° F. 


‘K. H. Logan, 8. P. Ewing, and C. D. Yeomans, Tech. Pap. BS 22, 447 (1928);T368. 
§ See footnote 3. 
§ See footnote 2. 
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Since this paper deals with the results of tests by three investigators 
some confusion may arise as to the coatings under discussion, especially 
as both Scott and Ewing designated some coatings by capital letters, 
To avoid confusion the coati which Scott designated by capital 
letters are printed in boldfaced type in this paper to indicate that 
they were applied to working pipe lines. 

Husatiee of uncontrolled variables, the behavior of a single specimen 
at a ng site may be accidental and not reproducible, and since for 
the short lengths of pipe no two specimens are even nominally similar 
as to structure and exposure, there is no way to determine the acc 
of the observations. In order to obtain an idea of the behavior of the 
different types of materials it seems advisable to combine the data 
for similar materials, even though some manufacturer may feel that 
his product is superior to another which has been placed in the same 


group. 


III. CONDITIONS UNDER WHICH COATINGS WERE 
TESTED 


The general characteristics of the National Bureau of Standards’ 
test sites are described in Technologic Paper 368.’ Data on the 
chemical properties of the soils at these test sites are given in Research 
Paper 945.8 Some of the physical and chemical characteristics of the 
soils in the AGA tests have been given by Ewing,’ in his 1931 report. 
Scott '° has described his test sites very briefly, but he has given none 
of the characteristics of the soils except their resistivities. 


1. PHYSICAL PROPERTIES OF THE SOILS AT THE TEST SITES" 


The physical properties of soils which might be expected to influ- 
ence the performance of protective coatings are shown in table 2 for 
the soils at all the test sites. The aeration of the soils was estimated 
from careful inspection of the test sites, employing such criteria as the 
texture of the soil, degree of mottling, average depth of water table, 
the depth at which mottling appears, and the depth at which the 
specimens were placed. The terms characterizing the degree of aer- 
tion are likewise indicative of drainage conditions except for those 
soils which, although naturally poorly drained, receive little or no 
rainfall. 

The aeration or drainage of the soils is indicated by the value of the 
“air pore space,’”’ which is the percentage of the total volume of the 
soil occupied by air under specified conditions. This value is deter- 
mined in the laboratory from the total volume of previously saturated 
soil which has been compacted centrifugally by a force of 1,000 times 
gravity, the volume of the water retained under this force, and the 
volume of the soil particles. These values naturally are not indica- 
tive of the drainage of those soils in which the natural drainage is 
restricted by the presence of an impermeable layer below the depth at 
which the specimens were buried. 

The moisture equivalent, defined as the percentage of moisture 
retained by a previously saturated soil under a centrifugal force of 

7 See footnote 4. 
*K. H. Logan. Soil-corrosion studies 1984. Rates of loss of weight and penetration of nonferrous materials. 


NBS J. Research 17, 781 (1936) RP945, 10c. 
*S. re AGA studies of coatings for pipe lines. Proc. Am. Gas Assn. p. 774 (1931); p. 741 (1933); 
p. 627 (1 " 
1° G. N. Scott. API coating tests. Proc. Am. Petroleum Inst. 12, pt. IV, 53 (1931). 
ll Section 1 was prepared by I. A. Denison. 
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1,000 times gravity, is a measure of the retentiveness of water by the 
soil and of the texture of the soil. Because of the use of a larger vol- 
ume of soil, the values shown in table 2 are usually somewhat lower 
than those obtained by the conventional method. : 
The specific gravity of the soils in their natural state was determined 
by measurements made on undisturbed lumps of soil from the test 
sites. The i were immersed in a dish filled with mercury, and 
the volume of the lump determined by measuring the volume of the 
mercury displaced. The weight per unit volume was then calculated 
by dividing the weight of the soil by its volume. 
Shrinkage was determined by measuring the volume of the soil at the 
moisture equivalent and again in the oven-dried condition, the change 
in volume being expressed as percentage of the volume at the mois- 
ture equivalent. 
Resistivity was determined by alternating current (60-cycle), the 
soil samples being saturated with water. 
Consideration of all of the data in table 2 for any one soil gives a 
clear idea of the properties of the soil. From the data given for soil 
97, it is seen that the high moisture equivalent, 44.6 percent, the high 
specific gravity, 2.01, the high shrinkage, 32.5 percent, and the low 
air pore space, 1.9 percent, are indicative of a heavy, dense, imperme- 
able, and poorly aerated clay. This conclusion is confirmed by the 
aeration based on field observations. On the other hand, the corre- 
sponding values for soil 36 are indicative of a porous, coarse-textured, 
well-drained, and well-aerated soil. 


TABLE 2.—Properties of soils ¢ at test sites 


{Aeration of soils: G=Good; F=Fair; P=Poor; VP=Very poor] 





Mois- . Appar- |, Resis- 
Air Volume! ,:": 
ture | Aera- ent | shrink-| “vity at 


. : pore 4 

uiva-| tion specific 60 

ree | Space | cravity| ®8° | (15.6°C) 
| 


Soil type Location 





NATIONAL BUREAU OF STANDARDS SITES 





3 


Cleveland, Ohio 
Dallas, Tex. . -- 


Jenkintown, Pa 
Oakland, Calif 


Everett gravelly sandy | Seattle, Wash 
loam 


Cincinnati, Ohio 
Fargo clay loam. --. Fargo, 

Genesee silt loam__._....| Sidney, 

Gloucester sandy loam __| Middleboro, Mass___.- 
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Hagerstown loam_._____- Baltimore, Md 
Hanford fine sandy !oam.| Los Angeles, Calif 
een very fine sandy | Bakersfield, Calif._.._. 


joam. 
Hempstead silt loam_._.| St. Paul, Minn 
Houston black clay San Antonio, Tex 


Kalmia fine sandy loam._| Mobile, Ala 
Keyport loam Alexandria, Va 
Knox silt loam Omaha, Neb 
Lindley silt loam Des Moines, Iowa 
Mahoning silt loam Cleveland, Ohio. 


Marshall silt loam Kansas City, Mo 
Memphis silt loam Memphis, Tenn G 


* Determinations by I. A. Denison, R. B. Hobbs, and I. C. Frost. 
* Not determined. 
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TABLE 2.—Properties of soils at test sites—Continued 






























































Mois- Appar- 
Air Volume} , Resis- 
Soil Soil type Location ture | Aera-| pore | Ot. | shrink. | tivityat 
equiva-| tion space specific e 60° 
lent pace | gravity, "8° | 5.90 0) 
es 
NATIONAL BUREAU OF STANDARDS SITES—Continued 
ee, I 
23 | Merced silt loam-_-.-.__.__ Buttonwillow, Calif...; 18.4 F 6.1 1. 69 0.2 A) 
24 — gravelly sandy | Norwood, Mass.-....- 9.7 G 34.7 1.4 0} 1L4 
oam. 
25 | Miami clay loam__...--- Milwaukee, Wis......| 18.6 F 9.5 1.95 7.6 1, 780 
26 | Miami silt loam_._._...- Springfield, Ohio.._... 13.3 F 20.9 1,95 1.0 2, 98 
27 | Miller clay.............- Bunkie, La-.....--..-- 446) P 1.9 2. 01 32.5 570 
28 | Montezuma clay adobe_.| San Diego, Calif......} 19.6| VP 2.5} (%) 5.9 403 
RS Fe ae New Orleans, La....-- 40.9} VP 26. 6 (°) 5.8 1.2% 
30 | Muscatine silt loam... Davenport, Ia....-.-.| 24.0] P 7.2) 1.81 7.51 150 
31 | Norfolk sand. --..--.--.. Jacksonville, Fla_-.... 23) G 38. 1 1. 55 0} 50 
32 | Ontario loam_..--......-. Rochester, N. Y...-.- 11.8| G 11.7 1. 85 0.1 5,70 
ly =e Milwaukee, Wis-_..--- 75.5| VP | 34.0 (>) 16.9 80) 
34 | Penn silt loam_......--.- Norristown, Pa...-.--| 22.9} P 11.7 1,82 8.4 490 
35 | Ramona loam.._........ Los Angeles, Calif..._- 15.8 G 10.9 1, 89 3.1 2, 060 
36 | Ruston sandy loam._.-__- Meridian, Miss. ...--- 14.9 G 16.0 1.62 0} 1% 
37 | St. Johns fine sand_.....| Jacksonville, Fla...... 7.0) F (>) (*) 0} 11% 
38 — gravelly sandy | Camden, N. J-...-.---- 5.3 G 32.1 1. 59 0} 386m 
oam. 
39 | Sassafras silt loam__..... Wilmington, Del_..__- 18.3 P 7.5 1.72 3.8 7, 440 
40 | Sharkey clay. ........... New Orleans, La_...-- 31.0 2.3 1.78 16. 4 70 
41 | Summit silt loam...._..- Kansas City, Mo-..-..- 28.1 F 6.9 1.61 14.6 1,39 
42 | Susquehanna clay.-...... Meridian, Miss.......| 24.8 F 14.9 1.79 4.7} 13.70 
43 | Tidal marsh............. Elizabeth, N.J_......| (°) VP (>) (*) (>) 60 
44 | Wabash silt loam__._._.. Omaha, Neb-...-...-- 25.3 G 7.2 1. 55 6.0 1,00 
45 | Unidentified alkali soil..| Casper, Wyo-......--- 10. 5 P 18.7 (*) 0 83 
46 | Unidentified sandy loam.| Denver, Colo_........- 7.2 G 23. 2 (°) 0 1,50 
47 | Unidentified silt loam_._| Salt Lake City, Utah.| 21.1 r 2.6 1,72 3.7 1,700 
51 | Acadia clay.............. Spindletop, Tex_-_...- 39.9 F ss 1.4 2.07 37.9 1% 
§2 | Alkali knoll............- League City, Tex. .._- 36. 6 P 3.7 | ¢1.97 33.9 24 
53 | Cecil clay loam_.......-- Atlanta, Ga_.-......-. 29.9 a 18. 2 1. 60 7.0} 30,00 
Aa: ae et ae Milwaukee, Wis-.---. (») VP (*) (*) (5) 455 
54 | Fairmount silt loam___-_- Cincinnati, Ohio_.___- 19.8 P 4.7 1.96 6.1 88 
55 | Hagerstown silt loam....| Baltimore, Md_.......| 31.3 G 15.5 1, 49 8.6) 11, 
56 | Lake Charles clay- --.-.-- El Vista, Tex.........| 32.2 - 5.0 2. 03 30.1 46 
57 | Merced clay adobe......| Tranquillity, Calif....| 32.3 P 5.1 1.89 29.5 18 
66 | Mohave sandy loam____- Phoenix, Ariz......... 15.8 G 20.1 1.79 2.7 232 
$b eee New Orleans, La.....- 56.3) VP 22. 4 1, 43 36.9 712 
i a Kalamazoo, Mich-_---- (*) VP (>) (*) (*) (+) 
OP Sra. ne ae er Plymouth, Ohio--_-_-_- 40.2 VP 33. 2 1. 28 9.1 218 
61 | Sharkey clay.......---... New Orleans, La_-._-- 31.0 sg 2.3 1.78 16.4 970 
62 | Susquehanna clay-___-_.. Meridian, Miss_...... 24.8 14.9 1.79 4.7} 13,70 
63 | Tidal marsh............. Charleston, 8. C_____- 46.4 VP 19.5 1. 47 18.8 & 
64 | Docas clay_........-.....| Chalome Flats, Calif..; 32.0] VP 4.7 1, 88 27.7 62 
dst Sei ARES SR 6 Wilmington, Calif.....| 27.2 F 15.8 1.41 5.7 1g 
AMERICAN GAS ASSOCIATION SITES 
1 | Cinders..........-. eet Pittsburgh, Pa___....-. 18. 1 G f (>) (>) 730 
| PS ee Milwaukee, Wis. --.-..-. 9.5| VP ts f (>) 38 
3 | Tides mare... Brockton, Mass-_.---. 60.3} VP b) (>) 44 
re oer EAT Te ee Atlantic City, N.J....| 93.7] VP | (°) (+) ty 32 
~{t ° Sey eee West Palm Beach, Fla.| 74.2; VP | (°) (*) (> 1, 180 
6 luda. SE: Seer eat Miami, Fla..........- 29.1; VP (>) (*) (*) 1, 680 
7 | Cecil clay loam._-..-....- Atlanta, Ga..........- 29. 5 G 18.2 1.53 5.7 | 43,800 
Sica es. he Raleigh, N. C........-. 32.7) G 6.6 1. 51 8.0} 16,00 
9 | Susquehanna clay---.... Shreveport, La......-- 31.2} P 5.3 2. 01 18.9 6, 43 
10 | Miller clay. .............]-.--. eC aR 23.9) P 20) 200} 165) 688 
| ee ee Smee YT Bryan, Tex...-..--.-- 43.0] P 15] 1.98} 364) 1,00 
12 | White alkali soil__......_ Los Angeles, Calif....- 41.0} P 22] 1.72) 303 93 
13 | Black alkali soil. ...-....|--.-- Re OT ie Ca 145} @ | 30.6] 1.45 0} 1,08 
14 | Marshall silt loam... .... Kansas City, Mo....- 24.7| @G 11.5] 1.73| 121] 3,18 
« Determinations by I. A. Denison, R. B. Hobbs, and I. O. Frost. 
+ Not determined. 
¢ Measurement made on 20-mesh soil after centrifuging. 
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TABLE 2.—Properties of soils at test sites—Continued 
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2. BASIS FOR SELECTION OF TEST SITES 


— 
ro 


In all the tests of protective coatings the object has been to secure 
typical rather than destructive soils. It will be shown later that 
some soils to which certain of the coatings were exposed were neither 
' destructive with respect to coatings nor corrosive with respect to 
unprotected steel. It is evident that the effectiveness of the coating 
is indicated by the condition of the protected metal only when the 
characteristics of the soil involved are known, and it slain that 
two coatings cannot be compared unless they were exposed to similar 
soil conditions. For these reasons it is in many cases impossible to 
compare the coatings in the three tests. 

Since this paper is not a report on the results of tests but is a 
compilation of information derived from various sources, only such 
soils and costings are discussed as are of importance to users of pro- 
tective coatings. Details of the behavior of coatings in the less- 
corrosive soils will be found in the reports referred to above. 


IV, EFFECT OF SOIL PROPERTIES ON THE BEHAVIOR 
OF PROTECTIVE COATINGS ” 
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It has been generally recognized that coatings applied to pipe lines 
are not equally effective under all soil conditions. From a number of 
field inspections Scott * and Ewing * concluded that the pressure 
exerted on the coating by the soil, the penetration of stones, clods, 
etc., and the expansion and contraction of the soil with changes in 
moisture content, tend to puncture and disrupt protective coatings. 
This is illustrated by figure 1. Taking the clay or colloidal content of 
soils as a rough measure of the tendency of soils to form hard clods, 
Ewing showed that the distortion of coatings is related to the softening 

2 Section IV was prepared by I. A. Denison. 

3Q. N. Scott. The use and behavior of protective coatings on underground pipes. Bul. Am. Petroleum 


Inst. 10, 78 (1929); Proc. Ninth annual meeting. 
“8. P. Ewing. AGA-BS studies of a long gas line. Am. Gas Assn. Monthly 13, 70 (Feb. 1931). 
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point of the coating material and to the clay content of soils. Sing 
the physical properties of soils are determined by the quality 

hysical behavior of the colloidal material as well as by its amount 
it is not to be expected that this relation would apply generally. | f 

In order to relate the distortive power of soils to a definite property | 
of the soil, which is determined by the quality as well as by the 
quantity of colloidal material, Ewing’ compared the distortion F 
observed on the first set of coated specimens in the AGA test with the [ 
volume shrinkage of soils. Except for two soils, for which the shrink. [ 
age was relatively great, although little distortion occurred, the f 
shrinkage values were indicative of degree of distortion. The method Ff 
used by Ewing for determining shrinkage, although producing precigs | 
results, was open to the objection that it required thorough worki 
of the moist soil. The consequent breaking down of the nat 
structure of the soil might be expected to produce degrees of shrink 
which would not be necessarily comparable to the shrinkage of soil 
which had not been subjected to mechanical pretreatment, as in 
nature. 

Accordingly, in order to avoid this objection the method described 
in a previous section was adopted for determining the shrinkage of f 
soil samples from the AGA and API test sites. As will be recalled, 
the moist soil is compressed by centrifugal force in order to throw out | 
excess water and to produce, so far as possible, a weight per unit 
volume of soil equal to that of the natural, undisturbed soil. 

The measure of distortion adopted was the electrical conductance 
per square foot of coal-tar enamel coatings, supplemented by visual 
examination of the coatings. Since conductance due to absorption 
of water by coal-tar enamels is negligible, at least for the period 
represented by the tests, the measured conductance of these coatings 
probably resulted from rupture or puncture of the coating by the 
soil. Coatings which failed for any other reason, such as cracking 
or the rupture of air bubbles, were either excluded from this study 
or the cause of failure was noted. 

The conductances of the coal-tar enamel coatings in the AGA 
test after approximately 5% years of exposure are shown in table3 
for comparison with the shrinkages of the soils. Values of shrinkage 
are given only for those soils in which this property may be expected 
to be a factor in distortion. The values for specific gravity of the 
soils in the field condition may be regarded as vupiininellll the 
shrinkage data. Since the specific gravity is a measure of the dense 
ness of a soil clod, values for this property might be taken to indicate 
in a general way the relative hardness of clods. 

It is apparent from table 3 that the maximum values for conductance 
occur in the soils having the highest capacity for shrinkage. Fors 
coating of a given hardness and thickness it is generally true that the 
greater the shrinkage the more severe is the distortion as meas 
by conductance. High values for specific gravity also are seen to be 
associated usually with soils in which distortion is severe. In such 
soils, in addition to the distortion attributable to shrinkage,  dis- 
torting effect may result from contact with dense clods under pressure 
from the weight of the overlying soil. 


1S. P. Ewing. AGA studies of coatings for pipe lines, 1981. Proc. Am. Gas. Assn. p. 774 (1931). 








Journal of Research of the National Bureau of Standards Research Paper 1058 











licureE 1.—Distortion of a bituminous coating by clods. 
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TaBLE 3.—Conductance of coal-tar enamels in AGA tests (third inspection) 
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The high values for conductance observed in soils 9, 10, 11, 12 
indicate that the attempt to protect a pipe line in such soils by most 
unreinforced coal-tar enamels would result in certain failure. How- 
ever, the resistance to distortion shown by the thicker enamels of 
higher softening point in the lighter soils (nos. 7, 8, 13, and 14) raises 
the question whether such coatings would not provide adequate 
protection in such soils, provided of course that they could be applied 
perfectly to a pipe line. 

It is not to be inferred from the emphasis which has been placed on 
shrinkage as a factor in distortion that other factors producing 
distortion have been overlooked. In fact, severe distortion has been 
produced in the AGA test in soils in which shrinkage was nonexistent. 
These soils, which are cinders at Milwaukee (site 2) and the muck 
soil at Miami (site 6), are continuously wet and therefore not subject 
to shrinkage. Although distortion is usually severe at these sites, it 
is sufficient that such conditions can be recognized and appropriate 
measures of protection taken to prevent distortion. 

In order to study further the influence of soil shrinkage on the dis- 
tortion of protective coatings, the condition of the enamel coatings 
which were applied to short pipe sections in the API test was compared 
with the shrinkage values of soils from the corresponding test sites. 
The periods of exposure for which data are available are approximately 
2 and 4 years. Because of the fact that relatively few of the harder 
enamel coatings showed appreciable conductance, a more sensitive 
indication of distortion was provided by visual examination of the 
coatings. In table 4 the results of this examination which pertain 
to distortion are shown for comparison with the values for shrinkage. 
The table shows the average condition of the eight coal-tar enamels. 
In expressing the results of the inspection, three separate classifica- 
tions of distortion were made, namely, (1) surface distortion to a 
depth of 10 mils; (2) distortion greater than 10 mils; and (3) number 
of punctures. To express the extent of surface represented by the 
first two classes, numbers from 1 to 3 were assigned which have the 
following meaning: (1) distorted area less than 10 in.? on total area 
of 1 ft?; (2) distorted area between 10 and 50 in.?; and (3) distorted 
area greater than 50 in?. The number of punctures from one to 
three are indicated. The number 3, however, may indicate any 
number of punctures greater than three. 
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With the exception of the data for sites IV and VI, it is evident that 
distortion tends to increase with increasing shrinkage. Excepting 
these two sites, very few punctures of the coating have occurred in 
any soils having a shrinkage below 10 percent. Much superficial 
roughening of the surface, as shown for example by the coatings from 
site [X, may represent merely the roughening attributable to imbedded 
sand particles and as such may have little significance. It is surprising 
that such severe distortion should occur at sites IV and VI, and it 
appears that a factor other than shrinkage is the probable cause of 
distortion in these soils. 

By comparing the condition of the coatings at the end of the 2. 
and 4-year periods (table 4), it is seen that in those soils in which dis- 
tortion is marked, the condition of the coatings is generally worse at 
the later inspection. This evidence of progressive distortion suggests 
that temporary measures to resist soil stress can be only partly 
successful. 


TABLE 4.—Average conditions of coal-tar enamels on short pipe sections (1934 
inspections API tests) 
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* The values used to indicate surface and subsurface distortion are averages of numerals which have the 
following meaning: 
1. Distorted area less than 10 in.?/ft.? 
2. Distorted area between 10 and 50 in.*/ft.? 
3. Distorted area greater than 50 in.*/ft.? 
As applied to punctures, the numerals give the number of punctures, except that the numeral 3 is also 


applied to any number greater than 3. 
+ Data from same soil type at National Bureau of Standards test site 30. 


Thus far, study of the effect of soil properties on the distortion of 
protective coatings has been confined to observations made on short 
lengths of coated pipe. The study was extended to include the 
effects of soil stress on coatings under actual service conditions by 
comparing the conductances of the harder coal-tar enamels applied 
to the operating lines in the API test with the properties of the soils 
at the test sites. 
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Comparison between the effects of distortion, as measured by the 
conductance of the coating and the shrinkage of the soils, is com- 
plicated somewhat by the fact that coatings conduct current not only 
because of ruptures caused by soil stress but also because of a variety 
of other causes, such as mechanical abrasion, cracking, etc. However, 
since the coatings were carefully examined at each inspection period, 
it is possible in the case of each value of conductance to state whether 
or not the conductance was due chiefly to soil stress. In table 5 the 
conductances of the three harder coal-tar enamels in the API test are 
given for each test site for each of the three periods of inspection 
insofar as data were available. The values for shrinkage and ap- 
parent specific gravity of the soil samples are shown for the purpose 
of comparison. 


Tapiy 5.—Comparison of certain soil properties with conductance of coal-tar enamels 
on operating lines in API tests 
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high values of conductance, is confined chiefly to the soils having 

shrinkage values. It will be noted that in all of the soils in which the 
shrinkage is less than 10 percent the conductances are not only usually 
small but, in most cases, are due to causes other than distortion. The 
rather marked distortion observed at site VI cannot be accounted 
for by the rather small shrinkage of 11.6 percent, shown by this soj], 

Although the coated sections were inspected carefully at the time 
the conductance measurements were made in order to determine the 
cause of the conductance, it was impossible to detect miror defects in 
the condition of the coating, such as pinholes due to faulty applica. 
tion. Consequently, it cannot be concluded that even the small 
conductances shown by the specimens in certain soils were actually 
due to soil stress. In fact, Ewing has concluded that the applica. 
tion of the coatings applied to the line by hand was usually imperfect, 
It would appear therefore that soil stress is a negligible factor in the 
behavior of the coal-tar enamels in sites II, V, VII, IX, X, XI, and 
XIV. The soils at these sites show shrinkages under 10 percent. 

In addition to the mechanical action of soils on protective coatings, 
the drainage or aeration of the soil has an important influence on the 
performance of coatings. Ewing” concluded that the number of 
coated specimens in the AGA test which were pitted at the end of 
5% years of exposure was lower in the well-drained soils than in the 
poorly drained soils. Because of the good areation associated with 
well-drained soils, ferrous ions formed in the process of corrosion are 
readily oxidized and precipitated in the pinholes in the coating as the 
difficultly soluble ferric hydroxide. The sealing of these holes by the 
dense, tightly adherent precipitate results in the cessation of corrosion. 
On the other hand, because of the deficiency of oxygen in poorly 
drained soils, ferrous ions remain in the deoxidized condition and 
diffuse through the ruptures in the coating without being precipitated. 
Under these conditions the process of corrosion proceeds without 
interruption. 

In a further study of the relation between the areation of the soils 
at the AGA test sites and the performance of certain classes of 
coatings, the soils were classified according to degree of aeration. For 
each of the two classes of coatings studied, the cutbacks and the asphalt 
emulsions, the deepest pits on the coated specimens at each test site 
were averaged and the ratios of these pits to the depth of deepest 
pits on the corresponding bare specimens were calculated. The data 
were then arranged as shown in table 6. 


168, P. Ewing. AGA field tests of pipe coatings, 1986. Proc. Am. Gas Assn. Pp. 627 (1936). 
17 See footnote 16. 


It is evident from table 5 that severe distortion, as having hig 
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It is evident from table 6 that the effectiveness of cutbacks and 
asphalt emulsions depends largely on the aeration of the soil. Under 
conditions of good aeration, they are effective in reducing the rate of 
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Fig. 2.—Comparison between depths of pits on coated and bare pipe. 


pitting, but under conditions of very poor aeration they are usually 


worthless. 
The measurements of depths of pits on sections of coated pipe after 


burial for 10 years in the Bureau test provide a further opportunity for 
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studying the effect of soil properties on the behavior of thin, porous 
coatings. The coatings examined are referred to as nos. 4 and 7, in 
the publication in which they were described.* Both coatings were 
applied by dipping. No. 4 is a Mexican asphalt with an average 
thickness of 0.011 in. No.7 is a soft coal-tar pitch with a thickness of 
about 0.007 in. In addition to these coatings there were buried in six 
soils an additional group of thin coatings consisting of various types of 
asphalts and coal tars (nos. 1, 2, 3, 5, 6, 8,9). All of these coatings 
were applied to steel pipe 1 inches in diameter and 17 inches long. 

The effect of the soils on the behavior of these coatings was studied 
by comparing the average depths of the five deepest pits on the speci- 
mens with the average depth of the five deepest pits on an equal area 
of bare steel pipe exposed for the same length of time. The data are 
expressed as the averages of the five deepest pits on each specimen 
rather than the maximum pit, in order to represent the average or 
over-all condition of the coating in the particular soil. 

For each of the soils, except nos. 23, 24, 28, 29, 43, and 45, the value 
for the depth of pit on the coated pipe is obtained by averaging the 
mean depth of the five deepest pits on specimens 4 and 7. The values 
for the soils enumerated sdsdine are averages of the mean depth of the 
five deepest pits on specimens 1 to 9, inclusive. This comparison is 
shown graphically in figure 2. 

It is seen from the figure that the soils fall naturally into two groups 
with respect to their effect on the behavior of thin coatings. For any 
specified depth of pit on the bare pipe the pit depth on coated pipe is 
greater in poorly aerated soils than in well aerated soils. In fact, it is 
only in the latter that these coatings have had any important pro- 
tective value. 

The benefit of thin coatings in the reduction of pitting in well- 
drained soils is more apparent than real, since in few of the well-drained 
soils in either the AGA or the Bureau test would a coating of any kind 
likely be specified. Although the depths of pits in many of these soils 
would be considered large for the period of exposure, it has been 
concluded from a study of pit depth-time curves typical of these soils 
that these pits are not likely to increase to a considerable extent with 
time. 


V. EFFECTIVENESS OF PROTECTIVE COATINGS 
1, CRITERION FOR EFFECTIVENESS 


The proper criterion from which the effectiveness of a protective 
coating should be determined has not been established. At one time 
a number of manufacturers of protective coatings promulgated an 
elaborate form for the recording of observations when a coating was to 
be inspected. The form was intended to show how and why the coat- 
ing changed as well as the extent of its deterioration. Ewing and Scott 
used three criteria for studying the behavior of coatings: (1) the 
pattern test which indicates the presence or absence of pinholes and 
other flaws in the coating; (2) the electrical conductance test which 
indicates the extent to which moisture has reached the pipe through 
flaws, pinholes, or absorption; and (3) the condition of the pipe be- 


1 K. H. Logan, 8. P. Ewing, and C. D. Yeomans. Bureau of Standards soil-corrosion studies. I. Soils, 
materials, and results of early observations. Tech. Pap. BS 22, 447 (1928) T368, 50¢. 
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neath the coating. Both Ewing and Scott modified their methods of 
making pattern and conductance tests in the course of their investj. 
gations, and it is for this reason the results of these tests from year to 
year cannot be compared directly. 

If the condition of the pipe is expressed in terms of the depth of the 
deepest pit, the result depends partly on the corrosiveness of the soi] 
to which the pipe was exposed and the time required for the soil soly- 
tion to reach the metal beneath the coating. A soil might be destruc. 
tive to a coating and not be corrosive, or it might be corrosive and 
not destructive with respect to coatings. Nevertheless, the pipe-ling 
operator is interested chiefly in the extent to which protective coatings 
will reduce corrosion. From this viewpoint the greatest amount of 
information can be obtained by an examination of data on the condi- 
tion of the surface of pipes from which coatings have been removed, 
This procedure is subject to the serious objection that since the con- 
dition of the pipe is determined by the corrosiveness of the soil a com- 
parison of coatings is possible only when they have been exposed to 
the same soil conditions. Unfortunately, few of the many coatings to 
be discussed in this paper were so exposed. For this reason the data 

resented herewith must be used with care if comparisons are made. 

ecause of this peculiarity of the data an attempt has been made in 
certain parts of the paper to express the effectiveness of the coatings 
in terms of the leaks to be expected when the coatings are used under 
certain conditions. Obviously, if the soil were less corrosive or the 
pipe wall thicker the number of leaks would be reduced. 

In weighing the data on protective coatings the question arises as 
to the relative merits of tests of coatings on working lines and on short 
lengths of small-diameter pipe. Scott '* reached the conclusion that 
tests of coatings which differ greatly in structure on short lengths of 
pipe do not in general agree closely with line tests when the coatings 
are arranged in order of their behavior. He regards the tests on short 
lengths of pipe as useful in eliminating very poor coatings and in the 
study of the relative merits of coatings belonging to the same class. 
He also concluded that the tests of coatings on working lines are more 
severe than on small-pipe sections. Ewing * concludes that the two 
tests give similar results when conditions of application of the coating 
are the same and that it is impracticable to apply a coating satisfac- 
torily by hand in the field. 

It is probable that the apparently poorer performance with respect 
to corrosion of some coatings when applied to working lines is the 
result of the inspection of larger pipe areas. These conclusions are of 
great importance to anyone who is interested in the effectiveness of 
protective coatings. In this paper data from both types of tests have 
been used, but greater weight has been given to the line tests because 
it was felt that these more nearly simulated practical pipe-line con- 
ditions. 

2. CUTBACKS 


Bituminous materials reduced to a paint-like consistency by the 
addition of a volatile solvent are called cutbacks. They are applied 
to the pipe by spraying, brushing, or dipping. After exposure to the 
air for a few hours they form a thin paint-like coating. Their chief 


19G. N. Scott. API coating tests. Proc. Am. Petroleum Inst. 15, pt. IV, 18 p. (1934). 
*S. P. Ewing. AGA field tests of pipe coatings. Proc. Am. Gas Assn., p. 627 (1936). 
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virtues are low cost and ease of application. Cutbacks are made 
from two classes of materials—coal-tar pitches and asphalts. Some 
also contain finely divided mineral matter. All of the cutback-coated 
pipes reported on in table 7 were either primed with a bituminous 
primer or coated with two applications of the cutback. Nevertheless, 
nearly all of the coatings contained numerous pinholes, as indicated 
by the electrical tests. Table 7 reveals the fact that on the average 
the asphalt-base cutbacks were thicker than the coal-tar base mate- 
rials. It will also be seen that the former type showed slightly less 
corrosion. Generally speaking, the thicker coatings were superior 
to the thinner ones. 


TABLE 7.—Performance of cutback coatings 
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9 
9 


ts 


with pits 


Pi 
» wn than on 


per than on 


s with pits 
bare pipes 


fee 


c 


Average exposure | 
| 

Number of soils 

Identification 

Thickness 

Pipes corroded 

Pi with pi 
deoper than 
bare pipes 

Identification 

Thickness 

Pipes corroded 

Pipes with pits 
deeper than 


Pi 





aS 
~ 
one ek CNH OO 


— 


~ 
— 


SS 
Cc 
ti) 
ey 

SS 
K 
b 
% 


SS 


” 





Ras 






































A very large percentage of each variety of cutback coating failed to 
protect completely the pipe to which it was applied for as much as 
2 years. After the initial periods of exposure, from 14 to 56 percent 
of the specimens were definitely pitted. In several instances the 
maximum pits on the coated specimens were deeper than on the corre- 
sponding bare specimens. The performance of the best of these 
materials is not good enough to justify its use. Since the data cover 
the performance of nine varieties of cutback coatings furnished by 
some of the leading manufacturers of this type of material, the con- 
clusion seems justified that it is improbable that any coating of this 
type will prove satisfactory for the permanent protection of metal 
placed underground. Cutbacks reduce temporarily the total amount 
of corrosion and make the pipe easier to clean. They may be used 
to advantage on temporary Gnas or lines which are to receive a heavier 
coating if the soil proves to be corrosive. 


3. SHIELDED CUTBACKS 


_ The effect of protecting cutbacks from direct contact with the soil 
is shown in table 8. In considering this table it should be kept in 
mind that each coating consisted of a primer and two coats of the 
cutback in addition to the wrapper. 
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Coatings Y and z are quite similar in composition and differ chiefly 
in thickness. Coating Y was applied to working oil lines, while 
coating z was applied to a 2-foot length of 3-inch outside-diameter 
pipe. Both coatings were covered with aluminum foil. It will be 
noted from table 8 that although coating Y is 50 percent thicker than 
coating z, its record is not nearly so good. This is partly because 
the successful application of a coating in the field is more difficult 
than in a shop and partly because the area examined for pits beneath 
coating Y was considerably greater. In addition, the pipe line may 
have been affected by long-line currents, difference of potential 
between top and bottom of the pipe, and soil pressure attributable to 
the weight of the pipe. 


TABLE 8.—Performance of shielded asphalt-base cutbacks 
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Table 8 shows that under coating 1, which was four times as thick 
as coating z, the pipe was pitted in a larger percentage of cases. 
While this result might be attributed to some difference in the coating 
material, this explanation does not seem adequate since table 7 
indicates that the variety of cutback is not very important. A 
better explanation is that coating x was shielded by aluminum foil, 
which is stiffer and more nearly permanent than the kraft paper 
which shielded coating 1. The aluminum may have afforded some 
cathodic protection also. Comparison of tables 7 and 8 indicates 
that the application of a shield reduced the pitting of the specimens. 
It cannot be said, however, that table 8 indicates that a shielded cut- 
back coating gives satisfactory protection against corrosive soils. 


4. EMULSIONS 


For a proper application of the cutbacks, which have been dis- 
cussed above, the surface of the metal to be coated must be clean and 
dry. This is a condition difficult to obtain under field conditions, 
and it is especially difficult when the pipe has been reconditioned. A 
satisfactory coating which could be applied to a moist pipe would 
have an advantage over one that could not, other things being equal. 
Since asphalt emulsions can be applied to moist pipe, their value as 
pipe coatings is of particular interest. 

able 9 is a summary of the data on emulsion coatings. These 
data are derived from two sources, the AGA and the API field ex- 
posures, as indicated in the table. Data from the two sources are 
not comparable because of differences in test sites and periods of 
exposure. The data in table 9 have been arranged according to 
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the period of exposure of the specimens and secondarily according to 
the thickness of the coating. The data on the simple and reinforced 
or shielded specimens have been separated. Those on the same 
horizontal line are not necessarily for specimens having the same base 
material. 

TABLE 9.—Performance of emulsion coatings 





Emulsions Shielded and reinforced emulsions 
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Asphalt emulsions are made from several kinds of asphalt and by 
the use of many emulsifying agents and methods. Several types of 
emulsions are represented in table 9; but because of other variables 
mentioned above, it is not possible to determine the effect of the kind 
of asphalt or the method of emulsification. However, the table gives 
a general idea as to what may be expected from emulsions as pipe 
coatings. 

Table 9 indicates, as do tables 7 and 8, that very thin coatings are 
unsatisfactory. The common characteristic of all of the emulsion 
coatings is the development of corrosion beneath them within a short 
time after they have been exposed to soil. This is evidence that this 
type of coating is not impervious to moisture since, in many cases, the 
corrosion is too severe to be accounted for by the water originally in 
the coating. This statement is also supported by the fact that for all 
types of emulsions corrosion is progressive, i. e., the percentage of 
specimens with measurable pits increases with the Fee of exposure. 

Coating ppp differs from coatings G and j in that a primer of red- 
lead paint was used beneath the emulsion. ‘This apparently increased 
the effectiveness of the coating, but nonein this group could be 
considered satisfactory. 
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Several of the emulsions contained a chromate intended to inhibit 
corrosion. It is evident from the table that the inhibiting agent was 
not completely effective. 

Although corrosion was observed under most of the coatings, prob. 
ably because they did not exclude moisture, the specimens protected 
by the thickest coatings showed less pitting. This is probably because 
the thickest coatings prevented direct contact between soil particles 
and the pipe. The improvement in performance because of the use of 
a shield is quite evident. Although rust was found under the concrete 
shielded coating, ff, no pits developed within approximately 4 years, 
When the relative thicknesses of the concrete and the emulsion are 
considered, it is doubtful whether coating ff should be classified as an 
emulsion or as a cement-mortar coating. 

The results of the tests of asphalt emulsion coatings may be sum- 
marized in the statement that this type of coating is adequate as a 
protection against corrosive soils. 


5. DIP COATINGS 
(a) FOR WROUGHT PIPE 


Bituminous coatings are frequently applied to pipe by dipping the 
latter in a tank of molten coal-tar pitch or asphalt. The process may 
be repeated after the pipe has cooled in order to reduce the number 
of pinholes and to produce a thicker coating. The thickness of the 
coating will depend somewhat on the temperature at which the bitumen 
is maintained in the dipping vat, but in most cases, the coating is not 
much thicker than a paint. 

In 1924 the National Bureau of Standards buried specimens of coal- 
tar pitch and asphalt coatings in 47 soils. In seven of these soils nine 
varieties of coatings were placed. However, as all of the coatings 
behaved similarly and all proved inadequate, it seems sufficient to 
present only the data on the coatings which were exposed to all soils. 
The data for 10-year-old specimens given in table 10 have not been 

reviously published. For this reason more detailed data are presented, 
he table shows also the condition of bare pipe having approximately 
the same area exposed to the soil. 

While several of the soils listed in table 10 are very corrosive, as 
indicated by the last column of the table, others are only moderately 
so. The rates of corrosion in a number of the latter are so low that 
unprotected pipe would last a long time. The data in table 10 are 
therefore more favorable to the coatings than they would have been 
if the tests had been confined to corrosive soils. This is also indicated 
by the data for the 8-year-old specimens in table 11, which summarizes 
the data on the dip coatings for all periods of exposure. Eight-year- 
old specimens were not removed from the less corrosive soils. It 
will be noted that for this period the average condition of the specimens 
is much worse than for the 6-year period and almost as bad as for 
the 10-year period of exposure. 
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TaBLE 10.—Pit depths on pipes protected by asphalt and coal-tar-pitch dip coatings 


[Exposures of approximately 10 years] 
(Pit depth in mils) 
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TABLE 11.—Summary of data on dip coatings 





Identifi- 
cation 
number 


Pipes cor- 
roded 


Pipes 
with pits 
deeper 
than 9 


Pipes with 
pits deeper 
than those 
on bare 
pipes 





<4 
“ 


PL eCOMmrrp 
2 CO He ee ee ee 
Oe re rn re 


— 























P| 


Paeo 
Noaaanstacel 








25415—37—_8 





716 Journal of Research of the National Bureau of Standards {vay 


There seems to be a slight difference between the asphalt (no. 4) 
and the coal-tar-pitch (no. 7) coatings in favor of the former. This is 
probably due to the greater thickness of this coating. 

Table 10 and 11 show again that thin bituminous coatings do not 
afford adequate protection against soils. Three-fourths of the speci- 
mens were found to be corroded when they were first removed and 
third of them were pitted. 


(b) FOR CAST-IRON PIPE 


For many years the specifications of the American Water Works 
Association have included a requirement that the pipe shall be coated 
inside and out with coal-tar-pitch varnish to be applied by dipping 
the heated pipe in the heated varnish. In order to obtain some ideg 
of the effectiveness of this coating, sections of 4-inch cast-iron pipe, 
coated according to these specifications in the ordinary course of pipe 
manufacture, were cut into 17-inch lengths. Since the coating was 
injured in places in the course of cutting the pipe, the injured spots 
were repaired with a solution of the same material applied by a brush, 
Specimens of this pipe were buried in several corrosive soils in 1926, 
the pipes being filled with soil from the trench. 

When the pipes were returned to the Bureau they were split and 
both the inside and outside surfaces were examined. Table 12 shows 
the results of the examination of the specimens removed in 1934. To 
make the data comparable with data on 6-inch lengths of bare pipes, 
each 17-inch section was divided into three equal parts. The deepest 
pit on each part was measured and the average of these pit depths 
was recorded as the maximum pit. Measurements were made on 
the outside of the pipe, on the imside, and on the ends which were 
unprotected. The last-named measurement, together with the max- 
imum pits on the bare specimens of 6-inch cast-iron pipe 6 inches long, 
indicates the corrosiveness of the soil. The differences between the 
pit depths on the coated and uncoated sections indicate the effective- 
ness of the coating. 


TABLE 12.—Pit depths on coated and uncoated cast-iron pipe 


[Approximately 8-years old; pit depth in mils] 





Pit depth 
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It is impossible to determine positively why the pit depths on the 
inside of the pipe were so much shallower than those on the outside 
of the same pipes. Conditions inside the pipe may have been less 
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corrosive because of different packing of the soil or the coating may 
have been thicker. It is improbable that the coating on the outside 
of the pipe was injured before the pipes were buried since they were 
packed in sawdust for transportation. 

It is evident from table 12 that in most cases the coating materially 
reduced the depths of the maximum pits. It is also evident that, as 
in the case of other thin coatings, the protection was imperfect. 
Pattern tests indicated that the coating contained many fine holes, 
and conductance tests showed that the electrical resistance of the 


coating was negligible. 
6. THICK UNFILLED COATINGS 


When the National Bureau of Standards soil-corrosion investigation 
was started in 1922, specimens of four types of bituminous coatings 
were included. Two of these were asphalt-base coatings and two 
coal tar-pitch-base materials. One coating of each material was 
reinforced by loosely woven cotton fabric somewhat heavier than 
cheese-cloth. 

Specimens of these coatings were removed after 4 and after 12 years 
of exposure. The pit depths on the pipes to which the coatings 
were applied are shown in table 13. The unreinforced pitch had so 
low a softening point, 96° F, that it flowed from the top of the pipe 
in many soils. For this reason the effect of thickness cannot be 
determined from the performance of this coating. 


TaBLE 13.—Behavior of unfilled thick coatings 
[Pit depth in mils.] 
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TaBLE 13.—Behavior of unfilled thick coatings—Continued 
[Pit depth in mils.] 





4 years’ exposure 12 years’ exposure 
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Within 4 years the unreinforced asphalt coating permitted rust to 
form beneath the coating in 74 percent of the soils to which it was 
exposed. At the close of the 12-year period of exposure all of the 
specimens had developed rust beneath the coating and 48 percent of 
them had developed measurable pits. 

The effect of the fabric reinforcement may be seen by comparing the 
reinforced with the unreinforced asphalt coating. At the close of the 
shorter test period 65 percent of the specimens of the reinforced, as com- 
pared with 74 percent of the unreinforced, coating were rusty. At the 
close of the longer period of exposure, all pipes beneath the asphalt coat- 
ings had rusted. On many specimens the fabric had rotted so badly 
that only traces of it could be found; and 78 percent of the reinforced 
asphalt-coated specimens showed measurable pits, as compared with 
48 percent of the unreinforced asphalt-coated specimens. In several 
soils the pits beneath the reinforced asphalt coating were almost as 
deep as those on a corresponding area of unprotected pipe. Thus in 
this experiment, in which the coatings had approximately the same 
thickness, the cotton fabric was a detriment to the asphalt coating. 
It is probable that the fabric acted as a wick which carried moisture 
into the material. Nevertheless the table indicates that, on the 
average, both asphalt coatings reduced corrosion considerably. 

Table 13 shows that the reinforced pitch coating was better than 
the reinforced asphalt, probably because the asphalt absorbed water 
more readily. More than 50 percent of the reinforced pitch coatings 
showed no rust and in most cases the fabric was still strong. 

The data discussed in the earlier sections of this report show so obv- 
ously that the thin coatings are unsatisfactory for severe soil condi- 
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tions, that no attempt has been made to estimate their performance 
when applied to pipe lines. Some of the coatings in table 13, although 
imperfect, are sufficiently good to justify an attempt to interpret the 
data in terms of the performanee to be expected of coatings applied 
to working lines. 

The effectiveness of the coatings in a group of seven soils, which 
produced pit depth on bare pipes, more than 99 mils in 12 years was 
estimated by calculating the length of pipe, of a specified material and 
wall thickness, which is associated with a leak in 12 years. The ex- 
tension of the length of the pipe from that of the specimens to the 
length associated with a pit depth equal to the wall thickness was made 
by means of Scott’s pit-depth-area relation. Scott” has shown 
that, as the area from which the deepest pit is selected is increased, 
the average value of the pit depth increases according to the 
formula P,=P,(A,/A;)*, in which A, and A, are the areas from 
which the pit depths P, and P,, respectively, are selected, and “‘a’’ is 
a function of soil characteristics. He found that for the data which 
he examined the value of “a” ranged from 0.376 to 0.150, the 
average being 0.261. This empirical formula roughly represents the 
pit-depth-area relation for data upon which it has been tried over a 
small.range, but the extent of its usefulness is uncertain. 

The data presented in table 14 are intended only to give a rough 
idea of the effectiveness of the coatings under discussion. Obviously, 
if data from other soils were used, or if some other value were taken 
for “a,” the results might have been different. 


TABLE 14.—Effectiveness of the bituminous protective coatings in table 13, as indicated 
by Scott’s pit-depth—area relation 
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Columns 2, 3, and 4 illustrate the nature of data on underground 
corrosion. Taking the data on the pit depths on the unprotected 
pipe as an example, and assuming that the individual observations 
from which the average pit depths were obtained are distributed 
normally, it is to be expected that if other measurements of the 
maximum pit on a unit area were made, the values would not differ 
from the average of 138 mils by more than 2.5 times oc, or 42 mils 
oftener than 5 times in 100. In other words, the probability is 0,95 
that a single value lies between 138+2.5X42 and 138—2.5 X42 op 
between 243 and 33, or, in one case out of 20 the pit depth might be 
greater than 243 mils or less than 33 mils. Actually, among the 
seven values used to obtain the average, the maximum was 216 and 
the minimum 100. Usually, as in the case cited, the difference 
between the maximum and the average is greater than that between 
the minimum and the average, i. e., the data do not follow a normal 
distribution curve. 

The values of co, indicate the reproducibility of the average in the 
same way that co, shows the reproducibility of a single observation, 
The values for om indicate that the data for the coated specimens are 
more erratic than those for the bare pipe. In columns 5 to 9 ape 
shown the lengths of pipe per leak predicted by Scott’s formula for 
pipes having different diameters and wall thicknesses. When the 
predicted length is not greatly different from the length of the speci- 
men from which the original data were obtained, it is probable that 
the formula gives reasonably accurate results. When the differences 
are large, the computed results may be smaller than would actually 
be found under the assumed soil conditions. 

The purpose of the table is not only to compare the effectiveness of 
four coatings but also to show the effect of different wall thicknesses 
on the length of pipe per leak. The pipe diameters and thicknesses 
chosen to illustrate these points are those of pipes in common use, 
While the thickest pipe of each diameter has been designated as cast 
iron because, for the diameters assumed, the wall thickness commonly 
used is greater for this material, the same results would be obtained 
if any ferrous material of the same wall thickness were used, i. e., the 
table shows the effect of the thickness of the pipe wall regardless of 
the ferrous material used to secure that thickness. 

The data in columns 5 to 9 for bare pipe indicate that the soils 
under consideration are very corrosive. In practice, pipes would be 
replaced before they developed leak frequencies as great as those 
corresponding to the data shown for any of the unprotected pipes, 
i. e., none of the pipes would last 12 years. 

Following the data for specimens are data on the leak frequencies 
for pipes protected in four ways, based on Scott’s formula, and the 
assumption of the values for a found by him. If the average value 
for a is assumed, the reinforced asphalt coating increased the length 
of pipe per leak to about 28 times that for unprotected pipe, which is 
more than sufficient to pay for the application of the coatings but not 
enough to be considered satisfactory protection. If the length of 
house service is assumed to be 50 feet and the length of a city block 
500 feet, the use of the reinforced asphalt coating on 1}-inch ste 
service pipe would result in two services out of three leaking within 
12 years, while a heavy 8-inch steel main similarly protected would 
average in the same time one leak per city block. 
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The reinforced pitch coating was the most effective. It would 
reduce the leaking steel services to 1 in 460 and the leaks on the 
thick steel main to about one leak in 21 miles of main. 

In considering this coating, it should be remembered that the 
estimates of effectiveness are based on the performance of the coatings 
in corrosive soils rather than in those which were destructive to 
coatings. If the coating had been exposed to soils having large 
shrinkages the results might have been less favorable. 

When pipes are laid in very uniform soils the corrosion is more 
nearly uniform and the value of the exponent a in Scott’s formula is 
smaller. Conversely, this exponent is larger for soils which are not 
uniform or for sections of pipe line which traverse more than one soil. 

The data in the last column of table 14 indicate that the addition 
of a protective coating is equivalent to increasing the thickness of the 
pipe wall by a certain percentage. For example, when a=0.261 the 
application of the reinforced asphalt coating has the same effect on 
the number of leaks as increasing the thickness of the pipe wall by 
139 percent. Under the assumed conditions the light-weight steel 
ipe protected by reinforced asphalt would not be as effective as the 
are leaey steel pipe because the latter is 195 percent thicker. The 
ratio of the length per leak of protected to unprotected pipe increases 
with the effectiveness of the coating. The light-weight steel pipe 
protected by the reinforced pitch coating is shown in the table to be 
much more effective over the 12-year period of test than any of the 
bare pipe, because the addition of this coating is equivalent to making 
the pipe wall 10 times as thick. 

It is impossible to determine, from the data presented, how the 
coatings would be affected by longer periods of exposure, and conse- 
quently the relative effectiveness of light-weight coated pipe and 
heavier uncoated pipe cannot be estimated at this time. However, 
since many coatings deteriorate within a few years, and since in most 
soils the rate of corrosion of ferrous materials decreases, it seems 
probable that the apparent advantage of coated light-weight pipe 
over unprotected thick-walled pipe will decrease as the period of 
exposure is increased. 

It will be evident from a study of table 14 that a light-weight pipe 
protected by a very good coating is superior to an unprotected thick- 
walled pipe during the first 12 years of exposure, and that the thick- 
walled pipe is superior if the coating does not reduce the leaks to a 
very small percentage of those on bare pipe. The amount of reduction 
in leaks equivalent to a given increase in the thickness of the pipe wall 
can be calculated from Scott’s formula by taking P, and P; equal to 
the two thicknesses and calculating the reciprocal of the ratio of the 
corresponding areas per leak. Thus, by means of the formula it can 
be shown that when a is 0.261, a coating must reduce the leaks on a 
coated light-weight 8-inch steel pipe to 0.27 percent of those on the 
bare pipe in order to equal the service of an 8-inch class B cast-iron 
pipe. If the pipe is in a uniform soi), for which the value of a is 0.15, 
it ls necessary to reduce the leaks to 0.004 percent of those on the bare 
thin pipe, i. e., the coating must prevent practically all leaks. 

In concluding this discussion of the effectiveness of protective 
coatings it should be pointed out that the deductions are only as 
reliable as the data and the assumptions upon which the calculations 
are based. The pit depths in the table 14 have large standard errors 
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and the calculations of effectiveness of coatings are based on ap 
empirical formula which has been tested only to a limited extent. 

The measure of effectiveness given in table 14 must therefore be 
ripe as somewhat questionable. Nevertheless, the bases for the 
table are sufficiently reliable to give the reader a rough idea of the 
usefulness of certain types of protective coatings. The usefulness of 
other coatings may be roughly estimated by comparing the conditions 
of the protected pipes for equal periods of exposure. 


7. BITUMINOUS ENAMELS 


One of the characteristics of bitumens as protective coatings is their 
tendency to flow under low pressures. This tendency can be reduced 
by using a material of higher softening point, but this usually makes 
a more brittle coating. A reduction in the tendency to flow can algo 
be accomplished by the addition of finely divided inert material com. 
monly known as a filler. A bitumen to which a filler has been added 
is frequently called an enamel, although the term is also used to de. 
signate a bituminous varnish to which a pigment has been added, 
In this paper the term ‘“‘enamel”’ is used to designate a bitumen yielding 
between 15 and 50 percent of residue on ignition. Ewing and Scott 
have reported all the data on the performance of enamels tested with 
the cooperation of the National Bureau of Standards, and the present 
discussion of the enamels will be limited to a summary of the data of 
these investigations together with some new data on the properties of 
these materials. 

Because of the limited amount of pipe line available for his tests, 
Scott was unable to apply all of his coatings to the line at all test 
sites. Although there are 15 test sites, there are only 6 sites at which 
all of the 4 unreinforced enamels can be compared. Two or three 
of these coatings can be compared at two other sites. Data for these 
latter sites are also presented because the soils at these sites are 
corrosive and the behavior of coatings in them is therefore of especial 
interest. 

Since the effectiveness of a coating depends to some extent on its 
thickness, Scott determined the thickness of each coating at each 
site by four measurements taken 90° apart, 1 foot from each end of 
each coated section. Table 15 shows the maximum, minimum, and 
average thicknesses of the four enamel coatings at each site. The 
maximum and minimum values are averages of 4 measurements, 
while the average value is the average of 16 measurements. 


TaBLE 15.— Thickness of coal-tar-enamel coatings in the API tests 
[Thickness in mils] 
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Obviously, the extreme values would cover a wider range of coating 
thicknesses. All of the coatings varied considerably in thickness and 
the average value for the thickness of a given coating was not the 
same at all of the sites. It seems probable that the variation in the 
pit depths found on the protected sections is in part the result of 
variations in the thickness of the coating. 

The more important indication of the values for coating thickness 
is the fact that it is not practicable to apply a coating of uniform 
thickness by the methods employed in this test. So far as the pro- 
tective value of the coating is concerned, the value for minimum 
thickness is the most important since breakdowns of the coating are 
more likely to recur at this spot. 

At each site all of the coatings were inspected on two sections of 
line on three occasions. Table 15 gives the pit-depth measurements 
for these examinations. The table also includes data for two sites 
where not all of the enamels were represented. 

Each coated section had adjacent to it an uncoated section for 
comparison. In table 16 the pit depth on the uncoated section is 
given as well as the pit depth on the coated section. It will be noted 
that the corrosiveness of the soil at the test sites, as indicated by the 
pit depths on the bare sections, varied considerably. It is possible, 
therefore, that abnormally low or abnormally high rates for pit 
depths on coated sections are partly the result of variations in the 
corrosiveness of the soils. 


TaBLE 16.—Pit depth on pipe in American Petroleum Institute tests of coal-tar 
enamels @ 


[Pit depth in mils] 
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* Coating K is a blend of coal-tar pitch and asphalt. 
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TaBLE 16.—Pit depth on pipe in American Petroleum Institute tests of coal-ta 
enamels—Continued 


[Pit depth in mils] 
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Table 16 shows that, when two sections of the same coating at the 
same site are compared, the maximum pit depth on one pipe may be 
more than twice that on the other. This is true for each of the 
coatings. Out of the 174 cases in which the pit depths on the coated 
and adjacent uncoated sections can be compared, there are 37 cases 
or 21.3 percent in which the pit depths were deeper on the coated sec- 
tions. In eight additional cases the pit depths on the coated and 
uncoated sections were equal. When it is considered that the data 
apply to areas of from approximately 5 to 8 square feet and for periods 
of exposure of 4 years or less, it is evident that the protection afforded 
by these coatings was far from complete. 

There can be no doubt, however, that each coating has materially 
reduced the number of pits as well as the loss of metal, and conse- 
quetly, for the period under consideration, each coating has reduced 
the cost of reconditioning the pipe, although in some cases the time 
for the first leak may have been shortened. 

The agreement under which the API line tests were conducted 
prevents the disclosure of the names of the coatings or their makers. 
It may be said, however, that the coatings represent four of the 
enamels most commonly used at the time of their application and 
that they were applied by manufacturers’ representatives. It is 
possible that as a result of the tests, the manufacturers have modified 
their products or methods of application. While it is hoped that any 
such changes resulted in improvements of the coatings it must be 
remembered that this remains to be demonstrated. 

Because the differences between the coatings were not sufficient to 
result in outstanding differences in the data, and because of the erratic 
nature of the data, the best idea of the effectiveness of enamels as & 
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type of coating can be obtained by combining the data for all four 
coatings. This has been done in table 17. Columns 3 to 6 show the 
corrosiveness of the soils as indicated by the pit depths on the bare 
pipe. The significance of the standard deviation and the standard 
error of the mean, as well as the method used in determining the 
length of pipe for a leak, are the same as described in the discussion of 
table 14, except that because of the smaller number of observations, 
the accuracy of the results is somewhat less than in table 14. The 
extrapolation involved in computing the length for a leak in the less 
corrosive soils is so great that the results are of little value except for 
showing the general relationship between coated and uncoated pipe 
in these soils. Since the trend of the errors would be similar for both 
bare and coated pipe, the indication of their relative performances is 
probably sufficiently accurate for this purpose. 

The table indicates that in the three most corrosive soils, III, VIII, 
and XVI, the coatings were not very effective. In the less corrosive 
soils the effectiveness of the enamels was much greater. 

The table indicates only the effectiveness of the coatings for an 
exposure of approximately 4 years. This of course is much too short 
a period for anything but the elimination of the poorer coatings. 


TaBLE 17.—Average effectiveness of coal-tar enamels in API line tests for exposures 
of approximately 4 years 


[Pit depth in mils.] 
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| I SS: Sree 10 45 10 3 4, 333 22 18 | 7 89, 730 
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* Two coatings only. 
> Three coatings only. 


The available data are insufficient for an accurate prediction of the 
trend of the deterioration. It is evident, however, from table 16, 
that the condition of the coated sections was somewhat worse at 
the third examination than at the first. An attempt to show the 
trend in the performance of the four coatings as a whole has been made 
in figures 3, 4, and 5. The broken lines show the progress in the pit 
depths on the unprotected sections while the continuous lines show 
that for the coated specimens. The curves for the bare sections are 
based on all pit measurements for those sections rather than for only 
those sections adjacent to the enameled sections. The values are 
therefore slightly different from those in table 16, but they are prob- 
ably more characteristic of the test sites. While in some cases the 
positions of the curves are defined quite well by the observations, in 
other cases the locations of the curves are doubtful. 
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Ficure 3.—Effect of time on pit T on bare and enamel-coated pipe at sites 
II and III. 
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Fiacure 4.—Effect of time on pit > on bare and enamel-coated pipe at sites 
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Fiaure 5.—Effect of time on pit ip on bare and enamel-coated lines at sites 
Vi and VII. 
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Figure 6.—Effect of time on pit depths on bare and enamel-coated pipes in the three 
most corrosive soils in the API tests. 
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The curves for the coated and uncoated sections in the same site 
are in most cases similar, with those for the coated pipe lying below 
the others. In figure 3, curves JJc’ and JJIc’ are for the average of 
coatings K, L, and N only and were drawn to show the effects of 
disregarding the softest coating. It will be noted that these curves 
do not differ greatly from the corresponding curves for the averages 
of all four coatings. ‘This is a partial justification for combining the 
data for the coatings. Satisfactory curves could not be plotted for 
individual coatings for some of the test sites. ; 

The curvature of the curves for the bare pipe at sites II, VI, X, and 
XI indicates that if the pipe wall is fairly thick, few leaks are to be 
expected on unprotected pipe. In such soils the chief use of a coating 
is to facilitate the cleaning of the. pipe when it is removed for use 
elsewhere. ; 

Figure 6 shows the trends of the pit depths in the three most 
corrosive soils in the API tests. Since the coatings K and M were 
not tested at site VIII, the data for coatings Z and N only have been 
used for all sites in order that the curves may be comparable. It 
will be noted that in these corrosive soils the curves for the coated and 
uncoated pipe follow each other closely. The shapes of the curves 
as drawn for the coated pipe suggest that the pit depths on the coated 
sections are increasing less rapidly than those on the bare pipe, i. e., 
that, although punctured, the coatings retard the rate of corrosion. 
It will be noted, however, that in most cases the points which represent 
the data from which the curves are plotted do not lie close to the 
curves and there is therefore considerable uncertainty as to the actual 
trend of the data. 

For the less-corrosive soils the curves for the enamel-coated lines 
lie considerably below those for the unprotected lines. The latter 
curves seem to be parabolic in form. If they are to be depended 
upon they indicate that the rate of corrosion decreases rapidly with 
time, and that after a few years of exposure the pit depths will increase 
only slightly. Under such soil conditions the pipe-line operator has 
the choice of using a pipe wall so thick that it will not be penetrated 
within any desired period, or a lighter-weight pipe protected by a 
suitable coating. If an enamel is to be used, the performance of the 
enamels applied to short lengths of pipe in the AGA and API tests 
affords some data on the characteristics to be desired. 

In addition to the four enamels for which data are given in tables 
15 and 16, several others have been tested by Scott and Ewing on 
short lengths of small diameter pipe. The performance of coatings 
applied in this way was, on the average, considerably better than 
when the same enamels were applied to pipe lines, as shown by table 18. 

These coatings were all applied in the field with a sling. This 
probably accounts for the differences in the results for the line and 
for the small coated specimens since, with machine-applied coatings, 
there is no noticeable difference between the two tests which cannot 
be accounted for by the differences in the areas exposed. 

Table 18 indicates that, with the exception of coating 3 in sites II, 
III, and X, the pit depths were much less on the coated nipples than 
on the similarly coated line. Either the application of the coatings 
nd te —— was much better or the nipple test is not as severe as the 

e test. 
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TABLE 18.—Relation between maximum pit depths on enamel-coated line pipe and on, 
similarly coated nipples (API tests) 


[Pit depth in mils] 

















Bare pipe Coating 1 Coating 2 Coating 3 Coating 4 
Site 

Line | Nipple} Line | Nipple} Line | Nipple| Line | Nipple} Line | Nipplg 
REE eae 46 35 ll 0 1 26 17 19 3 0 
| PIRES Gaye See Se 135 129 67 0 171 24 118 148 170 16 
, OSE SER. MCE « 46 49 5 0 41 13 33 16 29 5 
ne. ema | 53 37 19 0 0 0 34 15 3 0 
fa nl lid IF 47 43 3 0 ) 0 22 19 3 0 
ER ss, cheat odd) wtb 45 46 3 0 18 0 46 19 21 0 
Rsk cocci 62 57 18 0 40 ll 45 39 38 4 
































Table 19 shows the variation in some of the properties of the enamel 
which is probably the most uniform in the API tests. With the 
exception of the value of 11.7 for ductility at site VIII, the data ap 
to be reasonably consistent. The differences in the properties of the 
coating at different sites must therefore be attributed to real differ- 
ences in the several lots of the material from which the samples were 
taken. 

Table 19 indicates that the product sold under a single name is not 
always the same and shows, therefore, the need for specifying such 
properties as are known to be essential. Unfortunately, there are at 
this time few data to justify a rigid specification. 

Figure 7 shows the conditions of the four coatings applied to 3-inch 
pipe after 0.83 year exposure at site VIII (Acadia clay). The soil isa 
heavy clay containing crystals of gypsum. It will be noted that the 
distortion was greatest for beet ce and least for coating N, as might 
be expected on account of their softening points. 


TaBLe 19.—Physical properties of the same enamel at different test sites 


[Determinations by H. 8. Christopher] 
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The behavior of enamels in heavy clay soils is further illustrated mn 
figure 8, which shows coatings furnished under the same trade desig- 


nations for the AGA tests after an exposure of 0.77 year to Miller 
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Condition of four coal-tar-enamel coatings after 0.83 year of exposure 
to Acadia clay. 
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Figure 8.—Condition of four coal-tar-enamel coatings after 0.77 year of exposure 
to Miller clay. 


[Note rust streaks on pipe of coating N corresponding to eracks in the coating (same coatings as in fig. 6).] 
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Condition of six enamel coatings after 0.83 year of exposure to Acadia 
clay. 
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day at Bryan, Tex. This soil is somewhat heavier than that at API 
site VIII but the former contains little corrosive material. This is: 
indicated by the lower half of each illustration, which shows the condi- 
tion of the pipe from which the coating has been removed. Indeed, 
this soil is one of the least corrosive of the AGA sites. 

Figure 8 illustrates several things which may happen to coal-tar 
enamels under adverse soil conditions. The left side of the illustra- 
tion for coating K shows a spot where the soil has pulled the coating 
from the pipe. To the right of the bare spot the coating has been 
distorted by clod pressure, while near the upper right corner the 
coating has been spalled off, probably because of a blow. 

At the left of the illustration of coating Z distortion is shown to- 
gether with shallow grooves which may have been made by roots. 
The white near the center of the picture is whitewash with which the 
coating was originally covered. Coating M shows more serious dis- 
tortion. The picture of coating N shows another type of coating 
failure—cracking, which was observed at several test sites. That 
the cracks extended through the coating and remained in this con- 
dition for some time is indicated by the rust lines on the section of 
pipe from which the coating has been removed. 

The API tests of enamels applied to short lengths of small-diameter 

ipe include six enamels in addition to those applied to pipe lines. 

he appearance of these enamels when removed after 0.83 year 
exposure to Acadia clay is shown in figure 9, which is comparable with 
figure 7. The data for the pit depths on all of the enamels after 4 
years of exposure in the API tests are shown in table 20. The table 
also shows the thickness and the ring and ball softening points of 
those enamels. The first four of these coatings are duplicates of 
coatings in table 16, which is a better indicator of the performance of 
the coatings under working conditions. Coating k is a blend of coal 
tar and asphalt. Coatings A and w are asphalt enamels; the others 
are coal-tar-pitch enamels. Since there was only a single specimen 
of each coating it is possible that the apparent relative merits of the 
coatings are in part accidental, and conclusions as to the relative 
merits are subject to revision when more data become available. 

The table indicates that the thickness and softening points are 
important factors in the performance of the enamels. 

Coatings p and zzz were identical except that coating p was applied 
over a priming coat of red lead. The asphalt enamels were appar- 
ently slightly inferior to the others, possibly because of a greater 
tendency to absorb water, since at most sites their conductance was 
relatively high. 

The enamels in table 20 are all proprietary materials and are 
identified in Scott’s report * on the installations of his specimens. 
However, since most coating manufacturers modify their products 
from time to time it seems best to treat each material on the basis of 
its properties rather than as a product having a certain name. It is 
quite possible that the product sold later under the same name has 
been modified to overcome the defects described by Scott. 
a tests or experience will tell whether the modifications are 
effective, 


LT 
"G.N. Scott. API coating tests. Proc. Am. Petroleum Inst. 12, pt. IV, 55 (1931)s 
25415—37——-9 


















TABLE 20.—Pit depths on 4-year-old enamel coated small-diameter pipe in the AP] 
tests 


(Pit depth in mils) 
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1 Applied over a red-lead paint, baked on. 


In Ewing’s * tests there are four soils which are corrosive but in 
which little soil stress would be expected because they are wet much of 
the time. Soils 3 and 4 are tidal marshes. Soils 5 and 6 are mucks, 
All of these soils are corrosive, as indicated in the last column of table 
21. This column shows that for these soils the maximum pit depth 
is roughly proportional to the period of exposure. With the excep- 
tions of coatings WL and WR, which differ only in the primer used, 
the enamels listed in table 21 are nominally the same as those buried 
by Scott a year later. In most cases, however, Scott’s coatings were 
considerably thicker. 

It will be noted that the deterioration of the coatings was progressive 
not only as to pit depths, but also as to the number of failures. None 
of these enamels has a perfect record in all four soils throughout the 
test. No soil is outstanding in its corrosiveness with respect to the 
enameled specimens. The data are insufficient and too erratic to 
justify the plotting of curves to show the progress of the corrosion, 
It can be seen that the thinner coatings had the most failures and that 
the coatings with the lower softening points were in general thinner 
than those having higher softening points. The latter contained 
larger amounts of inert material. The points of difference between 
the coatings are, however, too many to permit the determination of the 
characteristics which control their performance. It seems advisable, 
therefore, that any specification for an enamel should be based on its 
reaction to forces representing the soil characteristics and operating 
conditions which tend to destroy coatings rather than on the composi- 
tion and physical characteristics of the coating as conventionally 
determined. 

Among the important influences on coating behavior to be con- 
sidered in the writing of specifications are soil pressure, adhesion of the 
coating to the soil and to the pipe, temperature changes, shocks, and 
moisture. 

In view of the performance of the enamels in the wet soils it seems 
doubtful whether they should be recommended for such conditions m 
cases where superior coatings can be secured at but slightly greater 
costs. There can be no doubt, however, that the better enamels 


ose Ewing. AGA studies of pipe-line coatings. Proc. Am. Gas Assn., p. 774 (1931), p. 741 (1933), Pp. 627 
936). 
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will materially reduce corrosion in wet soils for at least five years and 
probably for a considerably longer period. 


TABLE 21.—Performance of AGA enamels in poorly drained organic soils 


















































(Pit depth in mils) 
Coatings 
Exposure Soil Bare 
Cc Ss H B | WR|WL!| Ww R A 
yr 
0.86....------------------------- 3 0 0 0 0 0 0 0 0 0 0 
86_..---------------07-------=- 4 0 0 0 0 0 0 0 0 0 0 
M..2---------- seco rear nnnn nee 5 0 0 0 0 0 0 0 0 0 26 
Mh nwwconnnnenenennennnn ar serene 6 0 0 0 0 0 0 0 0 0 0 
2.49. ..---------------- nnn ---2-- 3 0 44 0 0 6 0 0 0 0 15 
2.49_...------------------------- 4 38 0| 27 0 0 0 0 0 0 24 
2.62. .2-2-----------------nnn0-=- 5 0}; 12} 0} 30 0 0 0 0 0 45 
2.51...-------2---- ern n nnn enn 6 0 0 0 40 20 0 0 0 0 51 
5.80...---------------20rennn=- 3] 7] 38] © | 1354) O}] 13] 16 5 0 43 
5.75...-------------=------------ 4 5 | 122] 135+] 5 0 0 0 0 6 42 
46_...-------------0---------"- 5| 2| 23] 5 | 9 | 33| 37| 35] of 5] @ 
§.46...-------------------------- 6 47 37 5 50 42 0 25 0 0 115 
Thickness (mils) -..------------|------ 14 34 34 38 52 58 61 20 0 
Softening point (°F)--.--.-----|.----- 156 | 162| 187] 167| 184] 184| 208] 201 | 232 /}_...__. 











1 Coating applied over red-lead paint. 
8. REINFORCED BITUMINOUS COATINGS 


It has been shown that asphalts and coal-tar pitches may have in 
varying degree four faults which detract from their value as protec- 
tive-coating materials: absorption of water, low resistance to shock, 
susceptibility to changes in temperature, and cold flow under stress. 
The addition of finely divided inert materials improves the bitumens 
as coating materials but does not result in products which are entirely 
satisfactory for use under severe soil conditions. Further improve- 
ments have been attempted through the use of reinforcing fabrics, 
either imbedded in the coating or placed over the coating as a shield. 
At first, various organic fabrics such as burlap and coarse cotton cloth 
were used as reinforcements. Later, bitumen-impregnated organic 
and asbestos felts similar to roofing felts were used extensively. The 
use of these materials not only results in coatings which are more 
resistant to shock and to soil stress but usually involves the applica- 
tion of more bitumen. It is generally agreed that the protection of the 
pipe against moisture depends upon the kind and amount of bitumen 
present. Most fabrics, even though impregnated with bitumen, ab- 
sorb some moisture. In this respect their incorporation in a coating 
may be a source of weakness, although the net result may be favorable 
because of the improvement in the mechanical properties of the coat- 
ing. 

Because the incorporation of the fabric in the body of the coating 
may introduce moisture, some coating manufacturers and users have 
thought it better to place the fabric on the outside of the coating as a 
shield. The chief objection to this method is that frequently less 
bitumen is applied to the pipe. The idea of shielding the bituminous 
coating resulted in the development of new types of shields, such as 
thin sheet metal. 
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The general effect of using a fabric reinforcement with unfilled 
bitumen has been shown in tables 13 and 14. The effect of the 
fabric on enamels and on some other coatings is shown in table 29 
which is a rearrangement of data reported by Scott.* ; 

In the third and fifth columns of table 22 the standard deviations 
of the data in the second and fourth columns have been given in order 
that the reader may realize more clearly the uncertainties of the 
data. Since there were but two specimens of most of the materials 
at each site, the reproducibility of the data is less definitely known 
than is the reproducibility of the data for bare pipe or for the enamels, 
Because not all materials could be tested at each site on account of 
lack of space, it is not possible to compare the performances of al] 
of the coatings in all soils. However, the table furnishes a sufficient 
number of comparisons to indicate in a general way the relative merits 
of several coatings. In making comparisons one should keep in mind 
the fact that the thickness of the asbestos felt was about 25 mils and 
that of the rag felt about 50 mils. The thickness of the concrete wag 
about 350 mils, but it varied considerably at different sites. The 
thickness of the cotton fabrics was about 15 mils, but the weave was 
iy that a considerable amount of bitumen was included with the 
abric. 

A comparison of the data for the unreinforced enamels with those 
for the shielded enamel G indicates that the shield materially reduced 
the pit depths at all sites, although the shielded enamel was not as 
thick as the average of the unshielded enamels. All of the other 
coatings, with the exception of the unreinforced emulsion, were so 
much thicker than the enamels that it is impossible to determine 
from the data whether the superiority of the reinforced coatings was 
the result of the reinforcement or of the added bitumen. Likewise, 
it is difficult to determine whether the asbestos felt was more service- 
able than the rag felt. 

Coating 7, which contained two layers of rag felt with intervening 
layers of enamel, appeared to be slightly superior to coating U, which 
is less than half as thick, and contained a single layer of asbestos felt. 
The unfilled asphalt reinforced with rag felt, S, appears to be slightly 
superior to the asphalt enamel reinforced with asbestos felt, R, pos- 
sibly because the latter coating was not as thick, although this differ- 
ence may be accounted for by the difference in thickness of the felts. 
In most soils, where comparisons can be made, the coatings reinforced 
with cotton fabric appear to have been slightly inferior to the coatings 
reinforced with felt, although the former were thicker and contained 
more mopped asphalt per unit area. 

The investigation conducted by Ewing * throws additional light 
on the relative merits of reinforcing materials. This investigator 
has found that the organic materials, even when impregnated with 
grease or bitumen, absorb moisture, and decay. The absorption of 
moisture increases the conductivity of the coating and decreases its 
value if used in connection with cathodic protection. 

The use of burlap is extensive in some countries but has largely 
been discontinued in the United States because of the tendency of the 
fibers to protrude through the coating and to act as small capillaries 
which conduct water into the coating. 


24G. N. Scott. API coating tests,IV. Proc. Am. Petroleum Inst., 15, pt. IV 18 (1934). 
% 8, Ewing. AGA field tests of pipe coatings. Proc. Am. Gas Assn. p. 627 (1936). 
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*G. N. Scott and S. Ewing. Deterioration of pipe-line fabrics. Oil and Gas J. $4, 112 (Oct. 24, 1933). 
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In a laboratory test of materials available for the reinforcement of 
bituminous coatings, Scott and Ewing” tested 26 materials by 
exposing them to moist soil. All of the fabrics decreased in strength 
within 1 year. The decrease was much greater for the organic 
fabrics. Rot inhibitors delayed but did not prevent rotting. 

Table 22 indicates that for the period of the test, the emulsion pro- 
tected by the heavy layer of sand and cement mortar appears to have 
been somewhat more effective than the other coatings in table 22 
with which it can be compared. 

Three facts regarding the data in table 22 are outstanding. One 
is that although the exposures of the coatings are only 4 years, measur- 
able pits developed beneath all of these coatings in most of the soils 
to which they were exposed. Another is the relatively great thickness 
and the large number of parts of the more effective coatings. A third 
fact of importance is that the same degree of effectiveness can be 
secured in several ways. None of the coatings in table 22 is out- 
standing in its performance though, in general, the effectiveness of 
the coating appears to be roughly proportional to its thickness and 
nearly independent of its structure. More data will be needed to 
define the engineering principles upon which a coating should be 
designed. To obtain such data was the purpose of the API coating 
tests. 


TABLE 22.—Effect of reinforcement on bituminous coatings on working lines 


{Average depth of maximum pits, in mils, after 4 years] 
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1 Average of 2 specimens. 
? Average of 6 specimens. 
? Average of 4 specimens. 














736 Journal of Research of the National Bureau of Standards vay 
9. GREASE COATINGS 


Several manufacturers and pipe-line operators have suggested 

eases as a means of retarding the corrosion of pipe lines. The 
API line tests of protective coatings included one grease coating rein. 
forced by cotton fabric. The grease contained a material intended to 
inhibit corrosion and the fabric was treated to retard decay. The 
outer layer was a heavy grease. The average thickness of the coati 
was 107 mils. No section of the line protected by grease was free from 
corrosion at the close of the 2-year test period and only 4 of the 29 
sections were free from rust at the end of the 1-year period. 

Evidently the rust inhibitor contained in the grease was only par. 
tially effective even for a period of less than 1 year. Nevertheless, at 
the close of the 4-year period the fabric-reinforced grease appeared to 
be as effective in reducing pit depths as any coating of its thickness and 
more effective than several thicker coatings. The coating was not 
exposed to the three most corrosive soils. The effectiveness of the 
coating after 4 years is indicated by table 23. 


TABLE 23.—Mazximum pit depths on pipe protected by reinforced grease and other 
coatings (API tests) 
[Average depth of maximum pit after 4 years] 


[Pit depth in mils] 
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Unreinforced grease coatings have been used to a considerable 
extent but few definite data are available on their performance. They 
seem to render the best service when applied in soils which are con- 
tinuously wet and to fail soonest in soils that frequently become 
very dry. 

One pipe line company has tried grease shielded by a wrapper of 
copper foil. The writer has seen no data on the performance of this 
coating but there appears to be a possibility of galvanic action 
between the copper shield and the steel pipe if pressure forces the 
shield into metallic contact with the pipe at any point. Possibly a 
copper foil backed by organic or inorganic fabric would prove more 
satisfactory. 

10. MASTIC COATINGS 


Of all the coatings in the API tests the mastic coating was the 
best for the first 4 years of the test. This coating was made of 4 
mixture of asphalt and graded mineral matter applied by machine to 
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a thickness of 0.519 inch. Even this coating showed rust spots on 
two sections at the 4-year inspection. Whether this rusting was the 
result of imperfections in the coating or of deterioration cannot be 
determined until additional inspections have been made. 


VI. APPLICATION OF DATA TO PIPE LINES 


Since readers may wish to apply the data in this report to the solu- 
tion of the problem of protecting a pipe line or service pipe, the relation 
of the data to pipe-line protection will be considered briefly. 

Those who wish to estimate the pit depth on any chosen area of 
protected pipe from the performance of a similarly coated specimen 
may do so by the application of Scott’s pit-depth-area relation which 
has been discussed on page 719. If this formula is used it should 
be remembered that the results become less reliable as the extrapola- 
tion is extended and that the values for the exponent a in Scott’s 
equation differ for different soil conditions. 

Few if any experiments completely duplicate the service conditions 
upon which they are supposed to throw light. This is especially true 
of experiments with protective coatings even when the coatings are 
applied to working lines. In the first place, the serviceability of a 
pipe line or service pipe is governed largely by its worst condition, 
since a single leak may involve a temporary shut-down of the line and 
possibly large expenses because of damages to pavements or because 
of the escape of the transported fluid. On this account the worst 
performance of a coating is of more importance than its average per- 
formance. On the other hand, an imperfect coating may be greatly 
preferable to none at all. The danger lies in expecting greater 
protection from a coating than is justified by the character of the 
coating. 

In i connection a phenomenon common to all problems involv- 
ing maxima must be kept in mind. The larger the sample from 
which the maximum is chosen, the larger will be that maximum. In 
other words, the first leak will probably occur on a long line before 
it appears on a short one exposed to the same conditions. It is to be 
expected then that even if the average performance of a coating on 
the short length of pipe is representative of the average performance 
of the coating on a working pipe line, the first failure of the coating 
on the line will occur in a shorter time than it occurred in the experi- 
ment. How serious this is in a particular case depends upon the 
amount of trouble caused by a single leak. On lines which are easily 
accessible the average condition of the line is much more important 
than the worst condition. On lines under pavement and on lines on 
which a single leak may result in an explosion the worst condition is 
the controlling factor. 

It may be assumed that the coatings used in the experiments were 
applied to the pipes with greater care than they would have been 
applied under average pipe line conditions. However, the results 
of the tests have shown the necessity for care and have probably 
caused improvements in materials and in operating practice. 

Most bituminous coatings cannot be successfully applied to damp 
or dirty pipe. It is very difficult to avoid these conditions when 
coatings are applied in the field. 
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The resistance of most bituminous coatings to shock and abrasion jg 
much less than that of the pipe to which the coating is applied. It 
follows that if a coating is to start its service uninjured the coated 
line must be handled with greater care than would be required for an 
uncoated pipe. 

While it is customary to test a pipe line to determine whether it is 
free from flaws and imperfections, there is no satisfactory way of 
making similar tests of a protective coating after it has been placed 
in the trench. The best that can be done is to test the coating by 
means of an electrical fault finder ” at the latest practicable point in 
the laying of the line. Obviously, because of the ease with which a 
coating may be injured as the coated pipe is handled and as the trench 
is backfilled, and because of the difficulty in making satisfactory field 
joints for the coating, the probability that the line will be completely 
protected is small. With respect to pipe lines this difficulty may be 
overcome by the application of cathodic protection.* 

If cathodic protection is to be applied to a coated line the current 
required will depend on the electrical resistance of the coating and 
upon its freedom from flaws and pinholes. The resistance of the 
coating is largely affected by the amount of moisture which it will 
absorb. From this standpoint coal-tar-pitch coatings appear to be 
superior to asphalt-base materials, but either material if of sufficient 
thickness will have a sufficiently high specific resistance. 

It is not possible to say that one material should be generally used 
in preference to any other. The selection of the coating material 
should be governed by such data as have been presented, supplemented 
by equally important data as to availability, ease of application, 
suitability of the material for local field and labor conditions, and the 
estimated cost of the coating throughout the life of the line. It 
follows that whenever possible the choice of the protective coating 
should be made by some one thoroughly familiar with the characteris- 
tics and uses of pipe coatings. 


VII. SUMMARY 


Although protective coatings have been applied to pipe lines for 
half a century or more and many tests of protective coatings have 
been made, few data are available upon which an engineer can base a 
reliable estimate of the saving which can be expected through the use 
of a protective coating. 

There are several methods by which certain characteristics of 
coatings can be indicated, but there is no recognized way of expressing 
the serviceability of a coating. Because of this, ideas as to the pro- 
tective value of coatings are vague and lead to uncertain results when 
applied to the design of a pipe line. 

The experiments upon which this report is based wers started be- 
tween 1922 and 1930 and represent pipe-coating practice at that period. 
They have resulted in the modification of pipe-coating practice and in 
the development of better coatings. Unfortunately, the testing of 


¥ 2§C. W. Clarvoe. The detection of flaws in pipe-line coatings before burial. Pipe Line News 5, 13 Quly 
933) 


1.933). 
‘ om * P. Ewing. Cathodic protection of pipe lines from soil corrosion. Natural Gas 16 (March and April 
5). 
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new coatings in the field by national organizations has been discon- 
tinued. The effectiveness of the newer coatings must be determined 
largely by the experiences of users of the coatings. Data obtained in 
this way are accumulated but slowly. They are usually lacking in 
essential details of the conditions which determine the success or 
failure of the coating and are sometimes influenced by the interests 
of those who report the data. The reader of this report should neither 
assume that the results presented are the best that can be obtained 
with protective coatings nor that the causes of failures of coatings have 
been overcome completely. 

The results of the tests under the general supervision of the National 
Bureau of Standards seem to warrant the following generalizations. 

The performance of a protective coating is controlled by the soil 
conditions to which it is subjected. The shrinkage and the relative 
density of the soils are important factors in the distortion of coatings. 
Distortion is especially severe in dense soils which undergo marked 
changes in volume with change in moisture content. Because of the 
effect of soil characteristics on coating behavior, when practicable, 
coatings should be selected with reference to the soil conditions to 
which they are to be exposed. 

Although no coating tested completely prevented corrosion under 
all soil conditions for as long as 4 years, almost all of them materially 
reduced the loss of metal during the period of test. 

Coatings which are somewhat porous, such as cut-backs and asphalt 
emulsions, are effective in preventing pitting in well aerated soils. 

The thickness of the bitumen is an important factor in the effective- 
ness of a coating. Very thin bituminous coatings are unsuitable for 
severe soil conditions. 

Thickness for thickness, coal-tar-base coatings absorb less water 
and have better insulating qualities than coatings having asphalt as a 
base. 

The coal-tar-base coatings are, in general, more severely affected 
by soil stresses, sudden changes in temperature, and shocks. 

The application of coatings by means of a sling as used in the API 
tests results in imperfect coatings. 

Shields and reinforcements reduce the depth of the deepest pit to a 
great extent during the first few years of exposure, probably because 
of their resistance to soil stress, although the relatively great thickness 
of reinforced and shielded coatings may be a factor. 

Asbestos felt offers more permanent reinforcement to bituminous 
materials than rag felt. 

No bituminous coating or coating material is inherently greatly 
superior to all others. It is possible to secure similar results by several 
methods. 

Although protective coatings have been in use many years there are 
few detailed records of the performance of coatings covering periods 
of more than 5 years. The life of protective coatings is therefore 
somewhat uncertain. 

Bituminous coating materials suitable for the service required of 
them materially reduce corrosion losses. However, because of the 
nature of the materials used and the conditions under which pipe 
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lines are usually laid, a pipe coating free from imperfections and 
injuries is scarcely to be expected. 

The conclusions drawn above are based on the performance of types 
of coatings. The best coating in each type was somewhat more 
effective than the average upon which the conclusions are based. It 
is probable that the tests have resulted in the production of coatings 
that are better than any in the tests which form the basis for these 
conclusions. 


WasuHinetTon, August 21, 1937. 
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